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By the fall of 1982 it was clear that a workshop on infrared

detector technology was needed to help in planning N_SA's future

space astronomy missions. The infrared scientific comm[,_ity

needed an opportunity to explore the status of this technology in

depth, in an open forum where there could be a good exc_arge of
information and discussion.

The workshop was organized to be a review and discuss on of
all the astronomical infrared detector research supported by NASA

within the Office of Space Science and Applications (OSSA _ and the

Office of Aeronautics and Space Tech_,ology (OAST). The

tecnnologles of both discrete detectors and integrated detector

arrays were included. Additional presentations describing related

work and a review of the detector technology used in th_ highly
successful Infrared Astronomical Satellite (IRAS) mission were

given. The large attendance by the scientific community,

industry, and government is indicative that there is a great deal

of interest in this area, and that real progress has bee._ and is

being made.

The theme of the meeting was technology for low-background

space infrared astronomical applications. The speakers were

encouraged to comment on the extent to which the performance of

devices has actually been proven, and the availability and

relative maturity of detectors. In this regard, the presentation

on the detectors in use on IRAS, including their successes and

their limitations, served as a good starting point.i .

At the close of the workshop, invited summary statements were

given by P. Riehards, U. California, Berkeley, R. Capps, U.

Hawaii, and E. Young, U. Arizona. Among the points made was the

view that some very significant and encouraging progress had been
presented, in t_rms of improved sensitivity of detector systems,

and in identifylng the usefulness of arrays. The summa es

emphasized that a great deal remains to be done, that continued

research is needed in-bgth the new and the more established

technologies if we are to capitalize fully on the capabilities of

telescopes in space. The _An_ouncement of Opportunity for the

Shuttle Infrared Telescope Fac±lity (ST£TF) has been released;

advances in detector technology _re [_eded now to greatly enhance

the scientific return from this major astronomical facility of the

future. SIRTF and other future space _pportunities present

tremendous technical challenges in advancing the capabilities of

scientific instrumentation. Financial and i_tellectual resources,

and determination, need to be applled if we are tQ meet these

challenges. =

Craig _. McCrelght Nancy W. Boggess

Ames Research Center NASA Headquarters
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• uesday, July 12. 1983

Infrared Detector Technology Workshop
NASA Ames Research Center

Auditorum, Building 201*

8:30 Introductory Remarks N. W. Boggess (NASA Headquarters)

Opening Remarks C. R. McCreight (Ames Research

Center)
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J. R. Houck (Cornell U.)
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M. R. Hueschen (Hewlett-Packard),
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Extrinsic Photoconductor and

Preamplifier Development
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*Message Phone: (415) 965-5256, or FTS 448-5256
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Summary and Conclusion
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A BRIEF REVIEW OF

THE IRAS DETECTORS

BY

J, R, HOUCK

CORNELL UNIVERSITY

SIXTY-TWO PHOTOCONDUCTIVE DETECTORS

WITH ION IMPLANTED CONTACTS

BAND )'o[BM] A), MATERIAL

1 12 6,07 SI:As

2 25 10,4 Sr:SB

3 60 30,5 GE :GA

4 100 33,6 GE:GA

SIZE
(MM)-3

1 X 1,8 X ,64

1 X 1,8 X ,71

1,5 X 1,5 X 1

1,5 X 1,5 X 1,2

ALL OF THE DETECTORS OPERATE AT A COMMON FOCAL PLANE

TEMPERATURE OF 2,5 K, MORE OR LESS CONVENTIONAL TIA

AMPLIFIERS WITH COLD (_60 K) JFET STAGES IN THE FOCAL

PLANE ASSEMBLY ARE USED,
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PROBLEMS:

i, NONLINEAR - DETECTOR AND/OR RL

a IONIZING RADIATION SPIKES

3. SPONTANEOUS SPIKES

4, MEMORY, HOOK, Two TIME CONSTANT EFFECTS

5. NONUNIFORM ILLUMINATION

6. ELECTRONIC PICKUP

1-4



NONLINEAR RESPONSE

_I Ic

NOTE:

1. RL'S MAY BE VOLTAGE DEPENDENT,

2. RI(AC) # RI(DC)

| IN CAPACITIVE SYSTEMS THE STORAGE CAPACITOR MAY RE

VOLTAGE DEPENDENT,

4, SPECIALLY SELECTED AND CALIBR,_TED LOAD RESISTORS ARE

USED IN IRAS,

I-.5



IONIZING RADIATION

1. PROTONS (_;40MEV) IN SAA

2, ELECTRONS("'FEWMEV) IN POLAR HORNS

EELEES

VERY FAST RISE TIME (sLEw-RATE LIMITED)

SLOW FALL TIME (RE LIMITED)

CAN BE 10'S OE MV TO VOLTS HIGH

RESPONSIViTYEFFECT

1, THE RESPONSIVITY INCREASES WITH EXPOSURE

2, THE RESPONSIVITY FALLS EXPONENTIALLY AFTER EXPOSURE

3, ANNEALED BY BIAS BOOST (OR HEATING)

1-6
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SPONTANEOUS SP I KES

FAST SPIKES ASSOCIATED WITH SOME FORM OF INTEP"_

BREAKDOWN (SEE LITERATURE ON UNIPOLAR SEMICONDUCT-

ING DEVICES),

USUALLY ASSOCIATED WITH CHANGING SIGNAL POWER,

i-9



MEMORY, HOOK, , ,
, ,, • mr _

0 •I- TIME

THE LEADING TIP OR HOOK MAY BE LARGER OR SMALLER

THAN THE EVENTUAL HEIGHT,

MOST OFTEN SEEN WHEN SIGNAL INCREASES FROM A LOW

LEVEL TO A HIGHER ONE,

NOTE'.BOTH SPONTANEOUS SPIKES AND MEMORY EFFECTS

ARE STRONGLY CORRELATED WITH BIAS, THESE

EFFECTS CAN BE REDUCED BY LOWERING THE BIAS

WITH A RESULTANT (PERHAPS LARGE) LOSS IN

PHOTOCONDUCTIVE GAIN BUT NOT QUANTUM

EFFICIENCY.

i-I0



-13 w
p = 3.37 x i0

RL % 4 :: i0

--Closed

--Open

50 mV x 0.5 sec

10
n
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r

Gt: &_ I
--Closed ....................

--Open

VB _' 0.i

_, 4 x 1010

50 mY x 0.5 sec
i
b.

r.

Y,

i

1-12

VB = 0.2

P ffi3.37 x i0-13 w

VB ffi0.3
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-.T=-L

NONUNIFORM ILLUMINATION
J,,i , •

___ REGION OF HIGH CONDUCTI _ TY

rXCLUDES _ FIELD

= BREAKDOWN IN REMAINDER

OF THE SEMICONDUCTOR

SCAN DIRECTION DEPENDENT RESPONSE (?)
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(Preliminary report of work to be published more completely in the
International Journal of InfrareJ and Millimeter Waves, September, 1983.)

IMPROVED FABRICATION TECHNIQUES FOR

INFRARED BOLOMETERS

N9 3 -_0_ 7

c I 76 Jc

A. E, Lange, E. Kreysa,t S, E. McBride, and P. L. Richards

Pi w Z3k i _ _

Department of Physics, University of California;
and Materials and Molecular Research Division,

Lawrence Berkeley Laboratory, Berkeley, CA 94720

and

E. E. Hailer

Department of Materials Science, University of California;
and Materials and Molecular Research Division,

Lawrence Berkeley Laboratory, Berkeley, CA 94720

tPermanent address: Max-Planck-lnstitut tur Radi'oastronomie,

D-5300 Bonn l,'West Germany
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Abstract

Techniques are described for producing improved infrared bolometers/

Ion implantation and sputter metalization have been used to make ohmic

electrical contacts to Ge:Ga chips. This method results in a high yield

of small monolithic bolometers with very little low-frequency noise. When

one of these chips is used as the thermometric element of a composite

bolometer, it must be bonded to a dielectric substrate. The thermal resistance

of the conventional epoxy bond has been measured and found to be undesirably

large. A procedure for soldering the chip to a metalized portion of the

substrate is described which reduced this resistance. The contribution of the

metal film absorber to the heat capacity of a composite bolometer has been

measured. The heat capacity of a NiCr absorber at 1.3K can dominate the

bolometer performance. A Bi absorber has significantly lower heat capacity.

A low-temperature blackbody calibrator has been built to measure the optical

responsivity of bolometers. A composite bolometer system with a throughput

of _0. I sr cm 2 has been constructed using our new techniques. In negligible

background it has an optical NEP of 3.6 lO-15 W/_/-H-z-at l.OK with a time

constant of 20 ms. The noise in this bolometer is white above 2.5 Hz and is

somewhat below the value predicted by thermodynamic equilibrium theory. It

is in agreement with calculations based on a recent nonequilibrium theory.

from doped germanium.

Introduction

Low-temperature semiconductor bolometers are commonly used as detectors

of mid- and far-infrared radiation. They have high sensitivity, are easy to

use, and are adaptable to a wide variety of experimental conditions. The

bolometers constructed at Berkeley use germanium doped with gallium (Ge:Ga)

and compensated w_th unknown shallow donors as the thermometric element. In

applications where a large _hroughput is desired a composite structure is used.
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The thermometric element is glued to a sapphire substrate with an absorbing

metal film on one side [l]. This provides a large increase in absorbing

area with only a modest increase in heat capacity. The surface resistance

of the metal film is chosen to be _190 _/D. Theory predicts that radiation

incident from the sapphire side of the sapphire-metal interface should be

absorbed with 50%efficiency, independent of frequency. This behavior has

been verified experimentally [2].
4H_temperature

Electrical NEPsas low as 3.10"15 W/_/'Rzhave been reported for/bolometers

constructed in this manner Ill. However, there have been circumstances under

which the performance of these bolometers has fallen far short of expectations.

Excess,current dependent noise, thought to be associated with the contacts to

the Gethermometer, often dominates fundamental noise sources, especially at

low frequencies. In addition, the optical efficiency of the composite

bolometers occasionally appeared to be much less than the predicted 50%. The

absorptivity of the metal film itself has been questioned, as well as the

thermal conductivity of the epoxy bond between the sapphire substrate and the

Ge thermometer. Although little has been published, these concerns about

composite bolometers have been widely circulated and believed in the infrared

community.

Wehave investigated and resolved each of these issues. In this paper,

we describe new techniques for constructing composite bolometers that greatly

reduce the excess noise and improve the thermal link between the thermometer

and the substrate. The optical efficiency of the bolometer system has been

measureddirectly using a low temperature blackbody source, and agrees with

predicted values. The presence of small amounts of helium exchangegas has

been identified as a likely cause of poor performance of somebolometer

systems. Bolometers produced using our new techniques consistently approach

the ideal limits of performance.
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Bolometer Noise

Doped semiconductor bolometers have long been observed to exhibit an

excess current-dependent noise voltage which often seriously degrades their

performance. Although not fully understood, the_excess noise often appears

to be associated wit h the electrical contacts to the semiconductor material.

In the Ge:Ga composite bolometers developed at Berkeley [l], the contacts

were formed by soldering leads to the etched germanium chip using pure

indium and a flux containing zinc-chloride. Similar techniques have been

traditionally used by others to produce both monolithic and composite

bolometers [3]. Our bolometers produced by this method exhibit a contact

noise of the form V2 = NI2R2/_ where N is a dimensionless number _lo-ll; I
n

is the bolometer current, and R its resistance.

In order to appreciate the effect of this noise source on the bolometer's

performance, we examine the expression for the electrical noise equivalent

power (NEPE). The NEP E is the product of the optical NEP and the optical

absorptivity m. It is the amount of power which must be absorbed in the

bolometer to yield a signal to noise ratio of unity, and thus provides a

measure of the bolometer's performance which is independent of the optical

coupling to the bolometer. The NEP E for a bolometer operating at temperature

T with voltage responsivity S can be written [4] in the form:

4kTR

(NEPE)2 = 2kTB_P B + 4kT2G + S---_-
+

+ (amplifier noise terms)

4kTLRLs2(R-_ + NI2R2ms2

(i)

These contributions to the NEP E are, respectively, the fluctuations in the

background power PB from a Rayleigh-Jeans source at temperature TB > T,
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phononnoise arising from fluctuations in the transport of energy through

the thermal conductance G, Johnsonnoise in the thermometer resistance R,

and load resistance RL, and the excess noise term. A bolometer for which

the first term in (1) dominates the NEPE can be referred to as ideal,

because further improvements in the bolometer's performance would not yield

a higher signal to noise ratio.

Figure l shows the contribution to the NEPE due to background fluctuations,

and also the contribution due to all other terms in Eq. (1) as a function of

background loading in the limit of wave statistics. The curves were

calculated Ill using parameters typical of a composite bolometer operated

at 1.2K. The solid curves include the excess noise term with N _ lO-ll,

while the dashed curves are plotted for N = O. As the curves show, the

excess noise dominates the NEPE for all values of PB' its relative contribution

becominglarger as PB increases. This is because the optimized values of G

and Ibias scale as PB and PB½ respectively, while the responsivity scales

the phononand Johnson noise scale as PB½ while theas S:I/G:p B . Thus
L

excess noise scales as PB"

Ion-lmplanted Contacts

In an effort to increase the yield of bolometers that will perform well,

particularly at high backgrounds, we have investigated the use of ion'implanted

electrical contacts to the germanium chips. A process involving the implanta-

tion of boron ions has been shown to produce low noise contacts on Ge:Ga

photoconductors [5]. Related techniques have been used to implant low noise

thermometers in silicon bolometers [6]. We have applied the boron implanta-

tion techniques to the production of Ge:Ga thermometers and have obtained a

high yield of thermometers which have very little current noise, even at high

bias currents and low frequencies.
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Fig. I. Calculated contributions to the electrical NEP E of a composite

bolometer which has been optimized for varying amounts of absorbed

Rayleigh-Jeans background power. The straight line is the background

fluctuation contribution, and the curved lines are the contributions

from all other terms in Eq. (I) at four different modulation frequencies.

The solid lines include the excess noise term with N = 8.8 x lO-12. The

dashed lines show the performance that could be achieved with N = O.
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A typical contact fabrication procedure begins with a 330 _mthick

slice from a boule of Ge:Gawhich has long been used at Berkeley for He4

temperature bolometers. Boron ion implantation is used to produce a thin,

degenerately doped p+-layer on both sides of the Ge:Gaslice. Both faces

of the slice are lapped with 1900meshaluminum slurry, and then etched in

a 4:1 HNO3:HFmixture for one minute. The etching process is rapidly stopped

by quenching with a large quantity of electronic grade methanol. Rinsing

with methanol, soaking in I% HF in H20 for five minutes to removeoxides,

and blowing dry with a nitrogen jet completes the pre-implantation steps.

The two surfaces to be implanted are now shiny and free of damage. The

implantation schedule consisted of two implants for each surface. Singly

ionized boron ions with energies of 25 keV and 50 keV are implanted in

randomorientation with doses of lO14 cm-2 and 2 x lO14 cm-2 respectively.

A simple annealing cycle in a nitrogen atmosphere(heating from room

temperature to 250°C in a few minutes, holding at this temperature for 30

to 60 min. and cooling to roomtemperature slowly over more than 30 min.)

activates more than 90 percent of the boron atoms. Etching of the two

implanted surfaces with 5%NaOClin H20 for five seconds is followed by

sputtering of a 400A thick Ti and then an 8000AAu layer on each contact

face. The metal layers are annealed at 200°C for one-half hour in a

nitrogen atmosphere to reduce the built-in stress.

The implanted and metalized slice of germaniumis cut into cubic chips

using a wire saw. The chips are etched in 5:l (HNO3:HF). The progress of

the etching can be observed by watching the metalized side of the chip

through a low power microscope. As germaniumis removed, the free-standing
residual

gold-titanium film bends toward the gold side to relieve/internal stress.

Thus, the point of attack of the etch at the germanium-titanium interface
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is clearly defined. No significant undercutting of the metal film has

been observed. Even starting with a roughly cut chip, a polished germanium

surface is produced very quickly. Etching is terminated by quenching with

electronic grade methanol. After rinsing several times with methanol, the

chip is left to dry on a filter paper. In the next step the free-standing

Au-Ti film is removed by pressing gently with a wooden stick along the sharp

edges of the Ge chip. A neat and easy separation of the metal film from the

edge of the chip is achieved this way. Finally, bolometer wires are soldered

to the gold surfaces with indium, using a resin flux obtained from the core

of commercial solder.

Composite bolometers with contacts made in this way were tested in a

dark cavity, at a bath temperature of l.OK. The noise was measured by a

digital computer which sampled the voltage across the bolometer at discrete

intervals and computed the spectral amplitude of the noise voltage.

Fig. 2 shows noise spectra of a high background (PB= lOOnw) composite

bolometer for a variety of bias currents. The sharp features are due to

mechanical resonances that are sometimes present in our high background

bolometers. The contributions to the noise due to phonon and Johnson noise

(the second and third terms in Eq. l) have been calculated at each of the

bias currents and are indicated by dashed lines. With the exception of the

mechanical resonances, there is little or no excess noise above 3 Hz. Below

3 Hz, the excess noise rises steeply, no longer obeying the simple form

2
Vn_I2R2/m. At 2 Hz it is still an order of magnitude less than that reported

by Nishioka et al. Similar results for a low background bolometer with

essentially no microphonic noise mre shown in Fig. 7.

In conjunctiQn with the development of low noise contacts, we have

developed a new method of bolometer construction which yields a stronger

thermal link between the germanium thermometer and the sapphire substrate.
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Previous methods of bolometer construction employed an epoxy bond. The

relatively high heat capacity of epoxy limits the amount that can be used

in making such bonds to _lO -7 cm3. Occasional discrepancies between

calculated electrical responsivities and measured optical responsivities

suggested that the thermal link provided by the epoxy was not always adequate

and could be effectively shorted by the presence of very small amounts of

exchange gas in the bolometer cavity.

In order to measure the thermal conductivity between the germanium

thermometer and the sapphire substrate, we constructed a composite bolometer

with two germanium thermometers attached with epoxy in the usual way [7] as

is shown in Fig. 3(a). Each thermometer had one 50 _m copper lead with high

thermal conductivity and one 25 _m manganin lead with low thermal conductivity.

Attached to one of the high conductivity leads was a heater through which we

could introduce a known amount of power. By measuring the temperature

difference between the two thermometers as power flowed from one, through

the sapphire, and into the other, we found the thermal conductance of the

two Ge-epoxy-sapphire interfaces. For a typical bond made with _3. 10-7 cc

of Stycast epoxy [7], with a heat capacity of 2 - lO-lO T3 J/K, we measured

a thermal conductance of G _ l • lO-6 T3 W/K. This is considerably smaller

than one would expect from the bulk properties of the material, but is

consistent with measurements of the thermal boundary resistance across

metal-dielectric interfaces [8]. For high background bolometers, where the

conductance between the thermometer and the heat sink is typically G_lO -5 W/K,

the low conductance of the epoxy bond leads to increased time constants or,

if small quantities .of exchange gas are present, discrepancies between calcu-

lated electrical and measured optical responsivities, as is illustrated in

Fig. 4.

The new method of construction, shown in Fig. 5, eliminates the use of

epoxy altogether. A small area of the substrate is first coated with
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Fig. 3. Configurations used to measure the thermal conductance GB of the

bond between the thermometer and the substrate of a composite bolc_eter,

(a) with epoxy bond,.and (b) with solder bond. Low thermal conductance

manganin leads are shown as thin lines, high conductance copper leads as

thick lines.
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Fig. 4. The thermal circuits for composite bolometers with the conventional

epoxy bond (a) and with the solder bond (b). If the thermal conductance GB

of the bond is too sma11, then the presence of a thermal shunt due to unwanted

He exchange gas can seriously degrade the optical sensitivity of a bolometer

whose electrical properties appear quite satisfactory.
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_100Aof chromium followed by 1000Aof gold. The germanium chip is

indium soldered directly to the gold film. A small flake of indium is

pressed onto the gold film and the Ge chip is placed on top. The entire

substrate is then heated briefly by an electrical strip heater with a

short (_0.5 s) time constant. A small amount of pressure applied to the

Ge chip during heating results in a thin, uniform contact between the chip

and substrate. Leads are then indium soldered using resin flux to the

exposed contact on the Ge chip and to the gold film to complete the

electrical circuit. The controlled temperatures and the short duration of

heating used result in contacts which are mechanically sturdy and

consistently low in noise.

The thermal conductance of the indium bond between thermometer and

sapphire was measured using the same technique described above. For a

bond made with _3- 10 -7 cm3 of indium, with a heat capacity of 4. 10-11T 3 J/K,

the thermal resistance was measured to be G = 2 • 10 -5 T2 W/K. The solder bond

both reduces heat capacity and increases the thermal conductance by one order

of magnitud e .

Absorbing Element

Composite bolometers produced previously in Berkeley used a bismuth

film of about 200_/D as an absorbing layer on the sapphire substrates.

While this technique was generally satisfactory, reports of problems with

bismuth led us to look for better alternative materials for the absorbing

film. The evaporated bismuth film is rather fragile. It was necessary to

do the evaporation as the last step in the bolometer fabrication in order

to avoid damage to the film. Also, some workers have reported that bismuth

undergoes slow chemical changes on exposure to the atmosphere.

Because of these disadvantages, we have investigated the use of nichrome

as the material for the absorbing film. An extensive literature exists which
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describes the use of this material for thin film resistors [9]. Weadopted

a deposition technique which involves the sublimation of the alloy from the

solid state [lO]. A 1.3 mmdiameter nichrome wire (80:20 Ni:Cr) was bent into

a circle and was suspended in a horizontal plane. The distance from the

circle to the base plate was equal to its radius. This ring source geometry,

which is described by Holland Ill], produces a uniform deposition on substrates

placed on the base plate within the nichrome ring. The nichrome ring was

heated by current to just below the temperature at which it began to sag.

Dueto the higher evaporation rate of chromium, it is necessary to age the

source for a few hours until equilibrium is reached between the preferential

evaporation of chromium from the surface and the diffusion of chromiumfrom

deeper layers [12]. After aging the nichrome wire once, it can be used for

manydepositions. Onceequilibrium is reached, the alloy should be deposited

with the original composition which was 80:20 Ni:Cr. Sublimation downward

from the ring-source has the advantages of coating manysubstrates in one

operation and avoiding the problem of supporting the very thin substrates in

a downward-looking configuration. The substrates were placed on a glass

cloth to thermally insulate them from the base-plate so that their temperature

rose during coating, as is recommendedfor nichrome [12]. Finally, the films

were heated in air at 300 C for 3 hours to improve adhesion [13]. Resistances

values around 200_/D were obtained without difficulty in about five minutes of

evaporation. The resistance decreased by _4 percent when the film was cooled

to 1.2K. Changesof this magnitude are not important for the optical properties

of the film [2].

The nichrome films are mechanically very tough and may, therefore, be

preferable to bismuth films in manyapplications. The films that we have

prepared, however, show an undesirably large heat capacity. A nichrome film

with an area of 4 mm2 and a surface resistance of 200R/Dwas measuredto have
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a heat capacity of 3 -lO-9 J/K at 1.3K. This is twice that of the rest of

the bolometer, and thus seriously compromises the bolometers performance in

the low-background limit. A bismuth film of the same area and surface

resistance has a heat capacity of 3- lO-lO J/K, an order of magnitude less

than the nichrome film.

Because of its low heat capacity, we continue to use bismuth films in

our low-background (P<3" lO-8 W) bolometers. Resistance measurements on

bismuth films stored in air for several years have not revealed any sign of

deterioration. We have found, however, that composite bolometers which

undergo a bismuth evaporation as the last step in the construction process

consistently show a marked increase in low-frequency noise. Although the

thermometric element is in the shadow of the sapphire substrate during the

evaporation, we speculate that a very thin layer of bismuth forms an alternate

conduction path on the surface of the Ga:Ge chip. Because of the increase in

noise associated with the bismuth evaporation, we now attach the Ga:Ge

thermometer to the sapphire substrate after the absorbing film has been

deposited.

O_tical Efficiency_

A blackbody calibrator was constructed to directly measure the optical

responsivity of our bolometers and thus to determine their optical efficiency.

This calibrator, shown in Fig. 6, uses a blackbody cavity formed by casting

an infrared absorbing epoxy [7] in a copper form. A heater and a calibrated

thermometer are mounted on the copper form with the same epoxy. In order to

minimize the size of the blackbody required to fill the aperture of the

detector optics, the exit to the blackbody is a Winston light concentrator

[14] with an aperture of f/l.5. This whole structure is separated from the

bolometer vacuum by a 50 _m thick Mylar window. The bolometer itself is fed
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by a Winston light cone with an aperture of f/2. All rays entering the

acceptance angle of the lower Winston cone comefrom inside the acceptance

angle of the upper cone, and thus from the blackbody. The Winston

concentrator closest to the bolometer determines the throughput of the

system. The calibrator thus measures the total efficiency of the bolometer

system, including the transmission of the window, the lower Winston

concentrator, the absorbing film on the bolometer, and the cavity surrounding

the bolometer.

In order to comparethe optical power absorbed by the bolometer with

the power expected from the blackbody, we must measurethe bolometer's

electrical responsivity. The conventional procedure is to compute this

quantity from the measured I-V curve. This procedure is not reliable if

the I-V curve contains significant nonlinearity at fixed temperature due to

non-ohmic contacts. To avoid this problem, we attached low thermal

conductance leads to the metal absorbing film of a composite bolometer so

that a knownquantity of power could be dissipated in a way that closely

mimics the absorption of optical power. With our bolometers, the two methods

agree within 20 percent. This effect of non-ohmic contacts has been

important in the past, but it does not appear to be important with our new

ion-implanted contacts.

The measurementprocedure involved choosing a bias current for the

bolometer and measuring the DCresponsivity using the metal absorbing film

to heat the substrate. The blackbody heater was then turned on and the

system was allowed to cometo equilibrium. The blackbody temperature, the

bolometer voltage, and the bath temperature were recorded when equilibrium

was reached. A rise in the bath temperature of order O.IK typically

occurred due to power dissipation in the blackbody heater. Power to the

blackbody was removed and a heater in the bath was then adjusted until the

bath was at the temperature previously measuredwith the blackbody hot. The
2-18
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power absorbed by the bolometer was computed from the difference in

bolometer voltage divided by the responsivity measured with the metal film

heater.

The total optical power expected to reach the bolometer was calculated

by multiplying the spectral intensity of the blackbody radiation by the

previously measured transmission of the cold Mylar window, and integrating

to find the total flux. The bolometer system efficiency is then just the

ratio of the power absorbed to this expected power.

A bolometer on which the metal film was painted with Nextel Velvet

Black paint [15] was mounted with the painted surface facing the Winston

concentrator and tested as described above. The optical efficiency of the

bolometer system measured with a variety of blackbody temperatures between

25K and 45K was found to be 70-+ 5 percent. The paint was then removed and

the bolometer was remounted with the metal film facing away from the

entering radiation, The optical efficiency of this system was measured to

be 44 _+4 percent.

The integrating cavity around the bolometer had larger than normal

openings to accommodate the extra leads attached to the absorbing film.

Because of this, the efficiency of the cavity used in these experiments

was less than could normally be achieved. The measured efficiencies are

thus somewhat less than the best that can be expected from an optimized

cavity.

These measurements also point out the efficacy of black paint as an

absorber in the 50 cm-l to lO0 cm-l frequency range. Unfortunately, its

heat capacity slows the response time of the bolometer to the extent that

it cannot be used to obtain high sensitivity, low background bolometers.
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Summary_

The dominant source of excess noise in our germanium bolometers is

connected with the contacts to the Ge and can be greatly reduced by the

use of ion-implanted contacts.

The large absorbing area of composite bolometers makes them

exceptionally vulnerable to He exchange gas. Pressures as low as lO-5

Torr measured at 295K begin to degrade the performance of our low-

background bolometers. For this reason, the use of a charcoal pump in the

bolometer vacuum space is highly recommended. If the thermal link between

the substrate and the thermometer is not good, the presence of exchange gas

will not affect the electrical responsivity, but will degrade the optical

efficiency. Our new method of construction improves the thermal link

between substrate and thermometer by over an order of magnitude, while

contributing one order of magnitude less heat capacity than on the epoxy

bond previously used.

Using these new techniques, we have been able to significantly

improve the performance of low-background bolometers. Table I lists the

design and performance parameters for a well characterized low-background

bolometer. The noise spectrum for this bolometer at its optimum bias point

is shown in Fig. 7. The electrical NEP is 1.6± 0.3 x lO-15 W/x/-flz,for

modulation frequencies as low as 2 Hz. The calculated value for the

electrical NEP given by the Johnson and phonon terms in Eq. (1) is

2.1 x lO-15 W/x/-FFz. A more detailed analysis of bolometer noise has been

given by Mather [16] which takes into account the electrothermal feedback in

the bolometer and the distributed nature of the thermal link to the heat

sink. These effects lead to reductions in the Johnson and phonon noise,
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Characteristics of a Low-Backqround Composite Bolometer

Estimated Heat Capacities

0.4 x 0.4 x .0025 cm sapphire:

0.025 x 0.025 x 0.3 cm Ga:Ge:

l x lO-6 cm3 In solder:

0.4 x 0.4 x lO-5 cm Bi film:

2 x lO-7 cm3 Au film:

0.6 cm x .00125 cm brass leads:

Bol ometer resi stance:

Load resistance: -

1.6 x lO"lOT 3 J/K

0.7 x lO-lO T3 J/K

1.2 x lO-lO T3 J/K

2.5 x lO-lO T J/K

0.3 x lO-lO T J/K

0.9 x lO-lO T J/K

(3.5 T3 + 3.7 T)x I0-I0 J/K

R(T ) = 616 e9"43/T

R L = l x I07

Temperature of heat sink and load resistor 0.97K

I.OOK

3.1 x I0-8 (W/K)

l.O x lO-8 A

1.3 x I07 V/W

1.7 x lO-15 W/vrFI_-

1.6 x 10-15 W/wPFI_-

17 ms

20 ms

Bolometer temperature

Thermal conductance to heat sink

Bias current

Measured electrical responsivity

Calculated NEP E _onequilibrium theory)

Measured NEPE

Calculated time constant

Measured time constant
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respectively. Applying these results to our bolometer yields a

prediction of NEP E = 1.7 x IO-15, in close agreement with our measured

value of NEP E.

Combining the measured value of electrical NEP with the meatured

value for the optical efficiency, we find the optical NEP for this

bolometer system, including concentrator and cavity, to be

3.6 x lO-15 W/v_-i.
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Abstract

A systematic study has been carried out of the properties of Ge:Ga photoconductive

infrared detectors for wavelengths _I00 _m. The detectors investigated were made

from Ge:Ga with acceptor concentration NA _ 2 x 1014 cm-3 with both low compensation

(I0 -2) and ultralow compensation (10-4). Noise measurements have been made as a

function of background photon rate, bias voltage, and chopping frequency. Detective

quantum efficiencies approaching unity have been observed over a wide range of

experimental parameters. Photocurrent has been _asured as a function of voltage and

temperature. Hall mobility and lifetime have been measured to determine their effect

on detector properties. A small potential drop has been observed in nominally ohmic

contacts produced by implantation of B ions.

3-i

/



Introduction

Photoconductive detectors made from Ge:Ga are the most sensitive available

infrared detectors for low background measurements at wavelengths from the 50 _m

limit of Ge:Be I to the ll5 _m edge of Ge:Ga. With the application of uniaxial stress .

the response of Ge:Ga can be extended to _230 _m.2'3 In this paper we present the

preliminary results of an extensive optimization study of Ge:Ga detectors for the

50-I15 _m range. The availability of techniques for producing purely doped Ge with

ultralow compensation has made possible the study of photoconductive response over a

wide range of compensation ratios. For this study we selected two materials. Our

low compensation material was originally produced to make Li-drifted Ge detectors of

ionfzing radiation. It had a Ga acceptor concentration NA = 2.1 x lO14 cm-3 and a

concentration of shallow donors of ND = 2 x lO12cm -3. Our ultralow compensation

material had NA = 2.0 x lO14 cm-3 and ND = 2 x lOlO cm-3. These values were deter-

mined from measurements of Hall effect and resistivity as functions of temperature.

Detectors with dimensions of l x l x 3 mm were cut from each material. Electrical

contacts were made on opposing I x 3 n=n faces by boron ion implantation of a

degenerate p÷ layer followed by sputter metalization as has been described pre-

2
viously. The detectors were mounted in integrating cavities with l mm diameter

2
apertures.

E_xperimental Techniques

The apparatus shown in Fig. 1 was devised to permit measurements of detector

response to a calibrated small signal flux with a variety of modulation frequencies

in the presence of a calibrated steady background flux. In order to avoid the use

of multiple neutral-densi'ty filters or small apertures which require diffraction

corrections, the apparatus utilizes a cold blackbody source whose temperature can be

varied from I0 to I00 K. This source is located in a light-tight, LHe temperature,

evacuated Cu box which is divided into three chambers with blackened walls. The
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cold blackbody source and a 150 Hz tuning fork chopper are located in the left hand

chamber. The exit aperture to the left hand chamber is fitted with a cold,

light-tight shutter. The detector in its integrating cavity is located in the right

hand chamberalong with a high impedance load resistor and a MOSFETpreamplifier

used for the initial detector tests. Later tests were madewith a JFETamplifier

held at 80 K on a standoff outside of the Cu box. Each of these transistors

functioned as the first stage source-follower in a conventional transimpedance

amplifier. 4 The throughput reaching the detector from the internal blackbody is

1.15 x 10-5 sr cm2, It is defined by the exit aperture of the left hand chamberand

by the entrance to the detector integrating cavity. The purpose of the entrance

aperture to the right hand chamber is to minimize stray light.

The spectral response of each detector was measured relative to that of a Golay

detector by using a Fourier transform spectrometer. This spectral response was

measuredat the samedetector temperature (3 K) used in the sensitivity measurements.

It was found to be insensitive to photon flux in the range of interest. The rate N at

which photons in the detected spectral range enter the detector cavity was computed

by integrating the product of the Planck curve from the internal blackbody and the
measuredspectral response of the detector. This allowed an absolute calibration of

the detector responsivity which is not as well characterized as would be the case

with a narrow band filter, but should be adequate to determine the detective quantum

efficiency within a factor 2.

In manyof our measurements, the internal blackbody provided a continuously

variable photon background. The internal chopper was removed, and the throughput
increased to 4 x 10-5 sr cm2. A signal with variable chopping frequency was intro-

duced into the central chamberfrom an external source as is shownin Fig. I.

- Multiple reflections from the black wills provided strong attenuation and low-

frequency-pass filtering before the radiation reached the detector. The chopped
signal photon rate from the externai source within the detected spectral range was
determined to be N _108 s-I by comparison with signals from the cold blackgody.

The response of the detector to this chopped signal was measuredas a function of

background and used to refer the detector output noise to the detector input.
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Noise Measurements

The primary goal of our measurements was to determine whether photon noise

limited operation could be obtained over a wide range of backgrounds. The results

are shown in the form of plots of noise equivalent photon rate NEN versus photon

rate for the low compensation detector in Figs. 2 and 3, and for the ultralow

compensation detector in Figs. 4 and 5. The photon noise limit computed for an

ideal photoconductor with responsive quantum efficiency equal to unity is shown on

each plot. For the smaller values of N, this curve is obtained from

--2 (1)

A small correction for wave statistics (Bose factor) is included at the largest

values of N. The values of _ are calculated from the measured DC current using the

initial absolute calibration of detector responsivity.

In Fig. 2 we show how the NEN at lO0 Hz varies with detector bias for the low

compensation detector operated at 3 K. This temperature was chosen for all detector

performance measurements because it is cold enough that thermally generated carriers

make no significant contribution to detector current or noise, even at the lowest

backgrounds. For low bias, the detector is photon noise limited for large N, but

amplifier noise limited for small N. At high bias it is photon noise limited for

small N, but shows excess noise at large N. When viewed in the time domain, this

excess noise has the form of current spikes whose duration is set by the response

time of the amplifier. Our measured values of NEN were obtained by Fourier trans-

formation of digitized detector outPut, so are relevant to measurements of steady

signals. For this case the optimum bias is clearly V _ 200 mV.

In Fig. 3 we show the noise in this detector with V = 200 mV as a function of

modulation frequency. Within our experimental accuracy this detector is photon
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noise (BLIP) limited at all modulation frequencies over the entire range

4 x I07< N <6 x lOlO s-l

In Fig. 4 we show how the NEN at 200 Hz varies with detector bias for the

ultralow compensation detector operated at 3 K. Amplifier noise has a small effect

only at the very lowest values of N and bias voltage. As is the case for the data

from the low compensation detector shown in Fig. 2, excess noise in the form of

current spikes appears for the highest bias at high values of N. Unlike Fig. 2,

however, excess noise also occurs for low bias and large N. A possible cause for

this phenomenon will be discussed below.

In Fig. 5 we show the noise in the ultralow compensation detector with

V ='40 mV as a function of modulation frequency. Reference to Fig. 4 shows that the

values of detective quantum efficiency would have been significantly better for

V = 60 inV. There is a systematic variation of NEN with frequency which may be

related to the dielectric relaxation phenomenon which rolls off the photoconductive

gain at high frequencies in low backgrounds. 5 Related effects are visible in the

data in Fig. 3, but are much less pronounced, perhaps because the DC photoconductive

gain is lower in this case.

Measurements of Photocurrent

Measurements of DC photocurrent as a function of bias voltage and temperature

are shown in Fig. 6 for a photon rate of N _ lOlO s-l in the detected spectral

range. The data for the low compensation detector at the left show a linear (ohmic)

region, a superlinear region, a brief decrease in slope and then very large slope as

V is increased. Optimum noise performance (for 3 K) was obtained at 200 mV, just

below the voltage at which carrier multiplication takes place by impact ionization

of neutral impurity s_tes. At this voltage the DC responsivity was _60 A/W

corresponding to a product of photoconductive gain and responsive quantum

efficiency Gn = 0.8.
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The data on the right side of Fig. 6 for the ultralow compensation detector

show several unusual features. The temperature dependenceis larger than for the

low compensation case and the low bias, low temperature region is nonlinear. The

photocurrent for given bias voltage is 30 to lO0 times larger than for the low

compensation case in the most useful range of voltage and temperature. A bias of

only 40 mVprovided the optimum noise performance at low backgrounds, but was a

little below the optimum at higher backgrounds. At this voltage the DC responsivity

was 140 A/Wcorresponding to Gn= 1.8. This factor 2 improvement in G for the

uitralow compensation detector should be useful at low backgrounds where amplifier

noise is important. For both types of detectors the chopped responsivity is usually

less than the DCresponsivity due to dielectric relaxation rolloff, and the dif-

ference between the two detectors is smaller than in the DCcase.

Hall Measurements

For a photoconductive detector with responsive quantum efficiency n, mobility _,

carrier lifetime T, and length (between electrodes) _, the photocurrent

I = nt_eG : nNep_V/_ 2. (2)

The I-V data in Fig. 6 thus reflect the temperature and voltage dependence of the

_ product. In order to separate these effects we have measured the Hall coefficient

of both materials as a function of temperature and voltage. If we neglect the weak

magnetic field dependence, the measured Hall mobility can be used as an estimate of

the drift mobility u(V,T) in Eq.(1). The temperature dependence of the Hall

mobility was measured over the temperature range 2 < T < 300 K and found to be in

excellent agreement with the results of theories of scattering due to phonons,

ionized impurities, and neutral impurities. 6 We found 6 that _ is essentially

constant at 5 x 105cm 2 V-I s -l for the low compensation material and
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1 x 106 cm2 V-I s-l for the ultralow compensation material over the important ranges

of V and T for detector operation.

Since the mobility is essentially constant, most of the nonlinearity of the I-V

curves in Fig. 6 must comefrom voltage dependenceof the carrier lifetime which,

for constant N, is proportional to carrier density. Lifetimes deduced from the Hall

measurementsare shownin Fig. 7, for both materials. The lifetimes have large

dependenceson both temperature and electric field which will be discussed in detail
6

in a later publication. The lifetime is a factor _50 longer for the ultralow

compensation material because of the relative absence of recombination sites in that

material.

Contact Potential

The ultralow compensation detector showed excess noise and nonlinearity in its

I-V curve at small bias voltages. These unexpected features deserve further comment.

During the Hall effect measurements, six ion-implanted contacts for current and

potential leads were made to the sample, in the classic Hall geometry. They allowed

the observation of an excess voltage drop of a few millivolts near the injecting

contact on the ultralow compensation material which increased with decreasing tempera-

ture. Such an effect is expected even for ideal degenerately doped p+ contacts.

Close to equilibrium the fermi energy in the p+ region is equal to that in the bulk

material, and so is 7-10 meV above the valence band of the bulk material. Conse-

quently there is a barrier to hole injection from the contact which is > kT at

T = 2 K. Thermionic emission is not able to supply the required current unless the

barrier is lowered, and a potential drop of a few millivolts develops. This effect

should also be present in the low compensation material, but is a smaller fraction of

the applied voltage because of the smaller mobility and much shorter lifetime. It

seems likely that the nonlinearity of the ultralow compensation detector at low
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temperatures and very small voltages is related to this potential barrier. It also

appears that the excess noise in this detector maybe related to this contact barrier

and to the very high photoconductive gain which makesthis detector attractive.
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Figure Captions

l °

2.

.

.

D

6.

.

Apparatus used for detector tests.

Noise as a function of photon rate with bias voltage as a parameter for the low

compensation detector. The modulation frequency was lO0 Hz and the temperature
was 3 K.

Noise as a function of photon rate with modulation frequency as a parameter for

the low compensation detector. The bias voltage was 200 mV and the temperature
was 3 K.

Noise as a function of photon rate with bias voltage as a parameter for the
ultralow compensation detector. Themodulation frequency was 200 Hz and the
temperature was 3 K.

Noise as a function of photon rate with modulation frequency as a parameter for

the ultralow compensation detector. The bias voltage was 40 mV and the
temperature was 3 K.

Current-voltage curves for the low compensation detector (left) and the ultralow

compensation detector (right).

Curves of hole density (which is proportional to hole lifetime T)

for the low and ultralow compensation detectors. Most of the nonlinearity of
the detector I-V curves arises from the field and temperature dependence of _.
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Ge:Be CRYSTAL GROWTH

Method: Czochralski

-control of shallow

5xlOllcm-3)

-crystallography

impurity levels (NA-ND

(Dislocation density < lO00cm -2)

Crucible: Carbon susceptor

-avoid possible reaction with SiO 2 crucible

2Be+SiO 2 _ 2BeO+Si

Atmosphere: Vacuum

-10"6-10 -7 torr

-H20 in the standard H 2 atmosphere can lead to

BeO precipitation

Be+H20 _ BeO+H 2
XBL832-8256
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Ge:Be PHOTOCONDUCTOR EVALUATION

EXTERNALLY
CHOPPED

SIGNAL

\!
NARROW BAND

FILTERING

INTEGRATING

CAVITY

_DETECTOR

-71

BACKGROUND FLUX

BACKGROUND LIMITED NEP

1,5×108 PHOTONS/SEC

7.1x10 "13 W

1.15xlO-Z6 W/-_r'_'_

FILTER COMPONENTS

FILTER CHARACTERISTICS

42/_m FABRY-PEROT

.7ram LIF

.Smm KBr

2 MONOLAYERS 5-10/_m DIAMOND DUST

X (PEAK)=42.8Fm

TRANSMISSION (PEAK)=13%

Q=85

_FWHM :.93Fm2 XBL 832-8250
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FIGURES OF MERIT

RESPONSIVITY

R = Signal/Photon power

= eG Tq/hu

G = photoconductive gain

- quantum efficiency

( v -- 1 assumed for all our
results using an integrating
cavity)

hu = photon energy

e = charge of the electron

NOISE E UIVALENT POWER

NEP = Noise/Responsivity

Background limited:

NEPBL = 2 _/PSackgroundJ_u
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CONCLUSIONS

• Ge: Be detectors provide lower NEPs
and higher responsivities than state-
of-the-art Ge.Ga detectors at 42 _m

• Reliable Be doping has been achieved
with Czochralski growth from a
carbon susceptor under vacuum

O The photoconductive behavior of
Ge:Be detectors is strongly
influenced by the concentration of
residual shallow impurities

0 Optimization of Ge:Be detectors
requires both a low concentration
and precise compensation of shallow
acceptors
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SEMICONDUCTOR BOLOMETER MATERIAL

Resistivity,temperature dependence is controlled by

dopant concentration and compensation

-- Reproducible doping technique is required

-- Optimum bolometer resistance:l-20,_in at operating

temperature
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TRADITIONAL BOLOMETER MATERIAL

Melt doping during crystal growth

Impurity segrega!ion and growth instabilities

Microscopic dop!nt striations

Difficulty in selecting crystal portion with

optimum and uniform doping concentration

XBL 832-8253
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NEUTRON TRANSMUTATION DOPED GERMANIUM

-- Irradiation of Ge with thermal neutrons

Neutron captures and decays:

EC .r 7170 e(n,_/) 71Ge Ga32 G 32 11.2d-- 31

74 75 _ 75
32Ge(n'_/) 32Ge 82.2m 33As

3726Ge(n,_/) 32Ge 11.3 h"_ 33As 38_h_" 34Se

--Homogeneous impurity distribution reflects uniform

neutron flux and uniform isotopic distribution

-- Reproducibility: NGa =¢O70GeN7OGe

Ultra-pure starting material

neutron doping levels :>:>residual impurities

XBL 832-B258
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SAMPLE PREPARATION

-- Ultra-high purity Ge:lNA-Nol<1011cm "3

-- Irradiation at Univ.of Missouri Research Reactor

(J. Meese)

-- Six samples: 7.5x1016-1.88x1018n/cm 2

-- Aftersix months: 750Ga-Xrays/s cm3,~1 decay per

min. in a (.3ram) 3 bolometer

Radiation damage

argon

annealing: 400°C for 6 hours in

XBL B32-B255
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MATERIAL CHARACTERIZATION

Low temperature Hall Effect and resistivity measure-

ments using Van der Pauw geometry

Berkeley (300-4.2K)

Bonn,FRG (4.2-0.3K)

Resistivity relationship: p =po exp (b/T)

(Applies in the low temperature hopping

conduction regime T<8 K)

NTD Sample

9x1015

po(_cm) _(K)

430.0 4.9

2x10 is 34.0 4.4

5x1016 3.3 2.8

XBL 832-8252
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Each resistivity curve is labeled with the gallium concentration per cm.
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CONCLUSIONS

NTD of high quality Ge single crystals

provides perfect control of doping

concentration and Uniformity.

The resistivity can be tailored to any

given bolometer operating temperature

down to 0.1 K and probably lower.

The excellent uniformity is advantageous

for detector array development.
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Sum/_ary

The most straightforward way of reducing the noise equivalent power of

bolometers is to lower their operating temperature. Wehave been exp]orinq

the possibility of using conventionally constructed bolometers at ultra-low

temperatures to achieve NEP's suitable to the background environment of
0

cooled space telescopes. We have chosen the technique of adiabatic 4

demagnetization of a paramagnetic salt as a gravity independent, compact, and

low power way to achieve temperatures below pumped 3He (0.3K). The demagne-

tization cryostat we used was capable of reaching temperatures below O.08K

using Chromium Potassium Alum as a salt from a starting temperature of 1.5K

and a starting magnetic field of 30,000 gauss. Computer control of the maqnetic

field decay allowed a temperature of 0.2K to be maintained to within 0.5mK

over a time period exceeding 14 hours. The refrigerator duty cycle was over

90% at this temperature.

The cryostat was used to evaluate potential bolometer materials for ultra-

low temperaure use. The greatest promise was obtained from a boule of _e:Ga

with an axial concentration gradient that was purchased from Eagle-Picher.

The room temperature resistivity of this material ranged from 0.05 to 0.07_-cm.

The boule was sliced into disks of different resistivities and tested for its

_-T characteristics. Three of the slices yielded suitable material for

0.4, 0.2, and 0.1K bolometers. We have found that for this material the

AITV 
relation:

with/_ and A constants (Redfield, Phys. Rev. Lett., 30, 1319, 1973) gave the

best fit p-T curves.

Conventional bolometers were constructed out of this material and tested

at 0.i and 0.2K. In general, the bolometers behaved as theoretically

expected, although electronic contributions to the system noise prevented

the achievement of the theoretically ultimate NEP's. In spite of this, the
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lower temperature bolometer had a measuredsystem electrical NEPof

1.8 x 10-16W/H_'_at i0 Hz. The success of these tests has motivated

us to construct a more compact portable adiabatic demagnetization cryostat

capable of bolometer optical tests and use at the 5m Hale telescope at imm.

wavelengths.
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Table 9aptlonj"

Table I Derived parameters of the bolometer material shown in Figure 3.

The resistivity has been fit to the e_uatlon /_/_e */_F

Also shown is the optimum oDerating temperatures for bolometers

made from these samples.

Table 2z Measured and derived electrical parameters of tw_ bolometers.
Both bolometers were constructed of 1 x 1 x 1 mm blocks of Ge:Ga

with In soldered 2mm x 20 um dia brass leads. The total noise

listed in this table includes the contributions from all sources,

including the pre-amplifier and measuring instrument noises.
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Sample

1

2

3

_o (/I- cm__)

.02

.03

.14

Table 1

A(0K) ½

10.3

7.6

5.1

Op__Temp_____:_(°K)

0.4

0.2

0.i
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Table 2

Bolometer Electr_cal Performance

Measured Parameters :

Cold Sink Temperature (OK)

Load Resistance (M_)

Bolometer Resistance (M_)

Bias Current (nA)

Electical Responsivity (V/W)

I0 Hz Total Noise (nV/_f_

Electical NEP (W/4"H'_

Sample A

0. 092

175

1.7

ii. 4

2.5x108

45

-16
I. 8x10

_ample B

0.18

34

1.7

8.5

5.8xlO 7

38

-16
6.3xlO

Calculated Parameters:

G(W/°K)

C(J/°K)

_= C/G (msec)

-8
2x10

-ii
4.5xi0

2.3

4x10 -8

-i0
l.lxl0

2.8

Calculated Noise:

Bolometer Johnson Noise (nV/_-_)

Thermal Fluctuation (nV_-_)

Load Resistor Johnson Noise (nV/4_

3

24

0.3

4

23

7

Total Calculated Noise (nV/_-_: 24 25

Theoretical NEP From Thermal

Fluctuation Noise (W/_H-_ : 9.7xi0 -17 2.8x] 0-16
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Figure Captions

Figure i: Plot of background limited noise equivalent power from two _ =0.i

telescopes at temperatures of 300K and 10K as a function of wave-

length. Also shown are estimated NEP's of four bolometers of

conventional construction operated at 1.2K, 0.3K, 0.1K, and 0.05K.

The spectral bandwidth was taken to b_ _/_ = 0.i and the field

of view was assumed to b_ diffractiO_ limited.

F_gure 2: Schematic diagram of the adiabatic demagnetization refrigerator

used to test bolometers.

Figure 3: Resistivity as a functioD of T

bolometer material.

for three samples of Ge:Ga

Figure 4: Load curve of a bolometer operating at 0.18K. The quantities

plotted are the voltage across the bolometer (Vout) as a function

of bias voltage across the bolometer and a 35 M_Lload resistor

(V bias).
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Figure 1

300 K

I

I0 io2
Wovelengt h (p.m)

i.2 K

0.3 K

0.1 K

I

I0 3 10 4
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Design Considerations for 0. IK Bolometers /2

N 9 3 " z

8olometers operating at low temperatures (T < 0.3K) are the best

candidate for far infrared (X > 120 urn) and submillimeter detection from cold
I

orbiting telescopes, The limits of sensitivity for such devices have been

studied (Mather, 1983). Based on this work, we conclude that excellent

sensitivity is possible given careful detector design.

We have designed and are fabricating bolometers for operation at low

temperatures. The crucial components in detector design are I) heat capacity,

2) temperature sensing, and 3) absorption of infrared radiation. In this

presentation, we discuss the choice of materials and fabrication techniques we

have made in the interest of maximum sensitivity.

In order that optimization of detector performance be reasonably easy to

carry out, we have attempted to use conventional fabrication techniques

wherever possible (photolithography, wire bonding). The use of such

procedures allows us to make design changes on short time scales, which is

essential in achieving optimal performance.

In the following pages, we discuss some of the design problems presented

by low temperature bolometers and indicate the solutions we have chosen.
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RESEARCH SUPPORT

NASA INFRARED DETECTOR DEVELOPMENT PROGRAM (OSSA)

NASA/GSFC DIRECTOR'S DISCRETIONARY FUND

AIRBORNE ASTRONOMY PROGRAM (KAO)

COLLABORATORS

M. DIPIRRO

MARK DRAGOVAN

AL HARPER

G. LAMB

JOHN MATHER

NASA/GSFC

U. OF CHICAGO

U. OF CHICAGO

NASA/GSFC

NASA/GSFC
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BOLOMETERSAS LOWBACKGROUND
INFRAREDDETECTORS

ADVANTAGES: WIDE WAVELENGTH RANGE, INCLUDING _ > 120 _m

STABLE IN NUCLEAR RADIATION ENVIRONMENT

PRINCIPLE OF OPERATION: RADIATION HEAT SENSOR, TEMP RISE MEASURED BY

THE_ISTER' DETAILEDNOISE THEORY CIVEN BY MATHER

1982.

PERFORMANCE: DEVICES MADE USING THE TECHNIOUES I OUTLINE ARE SHOWN

TO HAVE NOISE EQUIVALENT POWERS (NEPts) IN AGREEMENT

WITH THEORY - MOSELEY & LAMB, 1983, LANGE et al.,

1983.

PROJECTED SENSITIVITY: BASED ON MEASURED PROPERTIES OF THE CONSTITUENT

MATERIALS, WE PREDICT NEP < 2xi0 -17 W_Hz TO BE

ACHIEVABLE FOR 0.5x0.5 mm : DETECTOR AT 0.1K WITH A

TIME CONSTANT _ < 5 mseo.
=
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REFRIGERATOR REQUIREMENTS

NEED LAUNCHABLE COOLER WHICH CAN COOL TO 100 mK WITH REASONABLE

DUTY CYCLE OPERATING A 2K HEAT SINK WITHOUT EXCESSIVE POWER

REOUIR_ENTS.

SUCH A DEVICE HAS BEEN BUILT AT GSFC BY DR. STEVE CASTLES.

(100 mK FOR 90 MIN., 10 MIN. RECYCLE)

LABORATORY REFRIGERATOR HAS ALSO BEEN PROCURED AND IS NOW BEING

SET UP, (SHE DILUTION REFRIGERATOR)
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LOW TEMPERATURE BOLOMETERS

TYPICAL DESIGN pARAMETERS

TEMPERATURE - O. 1K NOMINAL

SIZE - 0.5x0.5 =m

TIME CONST. 5xl 0 -3 S

NEPop T
2x10 -17 WtHz
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BOLOMETER SCHEMATIC

Ion-Implanted Degenerate Contacts _

7

Ion-Implanted Thermister

-- ' ' _ Thin Intrinsic Si Substrate

Thermal Links to

Heat Sink

Superconducting A1 Wedge Bonded Leads /_
/

Etched Si Thermal Links
,i

L

2
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DESIGN CONSIDERATIONS

0 MINIMIZE HEAT CAPACITY

0 ACHIEVE ADEQUATE ABSORPTION OF IR RADIATION

o GET DESIRED THERMAL CONDUCTANCE

FIND TEMP TRANSDUCER QUIET ENOUGH TO BE LIMITED

BY FUNDMENTAL NOISE PROCESSES (JOHNSON & PHONON)

DEVELOP BIAS AND AMPLIFIER CIRCUIT WHICH DOES NOT

DEGRADE SYSTEM NOISE

DEVELOP CRYOSTAT WHOSE TEMP FLUCTUATIONS DO NOT

DOHINATE NOISE OF BOLOMETER

8-7



HEATCAPACITYCONSIDERATIONS

o Sl DESIRABLE BECAUSE OF LOW HEAT CAPACITY.

o

o

CONTACT AND THERMOMETER IMPLANTS HAVE HIGH HEAT CAPACITY -

MINIMIZE VOL.

THERMAL LINK CAN DOMINATE HEAT CAPACITY: WE WILL

USE EITHER Si OR A1 WELL BELOW SUPERCONDUCTING TRANSITION.

o ABSORBING FILM: WE ARE ATTEMPTING TO DEVELOP ALUMINUM

GRID TO ABSORB RADIATION - LOW HEAT CAPACITY.

o SUCCESSFUL TESTS ON GOLD ABSORBING FILMS HAVE BEEN CARRIED OUT

(DRAGOVAN & MOSELEY, 1983).

NOTE: TRAPPED MAGNETIC FIELDS IN SUPERCONDUCTORS CAN CAUSE

SUBSTANTIAL PORTIONS TO BE NORMALI THUS HAVE HIGH HEAT

CAPACITY. SHIELDING OF FIELDS DURING COOLDOWN IS

CRITICALLY IMPORTANT.
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THERHAL CONDUCTANCE

o ALUMINUM LINKS - BELOW ,I'O.15K, A1 IS DOMINATED BY PHONON

TRANSFER. CONDUC'!ON CAN BECOME LOW ENOUGH TO BE USEFUL.

0 Si LINKS - CONDUCTION DEPENDENT ON MEAN FREE PATH. CAN

PROBABLY BE TAILORED WITHIN CERTAIN RANGES, BUT DIFFICULT

TO HAKE VERY LOW.

DESIRED G ,I'Ix10-IR W/K

FOR DESIGN BOLOMETER

_:C

G
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T_ PERATURE SENSOR

o ABSENCE OF "CURRENT NOISE" CRITICAL; SENSOR SHOULD BE LIMITED BY

JOHNSON NOISE.

O
d InR

HIGH a = d in T DESIRABLE

MATHERtS (1983) RESULT. NEP PROPORTIONAL TO
I

/a

0 DOPED Si & Ge ARE CONVENIENT THERMOMETERS. WITH ION IMPLANTED

CONTACTS, NOISE CAN BE NEAR THAT PREDICTED BY THEORY.

REFERENCES: MOSELEY & LAMB, 1983
LANGE eL al., 1983

WEISS (priv. comm.)

0 DEVICE IMPEDANCES CAN BE SELECTED TO MATCH NOISE CHARACTERISTICS

OF AMPLIFIERS.

8-10
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AMPLIFIERS AND BIAS CIRCUITS

o JFET*s CAN BE VERY GOOD - NOISE TEMPERATURE TN e 10 mK

Rnols e ,I'100 MR BASED ON OUR MEASUREMENTS.

o OUIET LOAD RESISTORS CAN BE MADE USING BOLCMETER

PROCESS IF NECESSARY.

0

0

SINCE BOLOMETERS HAVE Tnols e > Tphy s AHPLIFIERS PRODUCE

NO PROBLEM FOR OPERATING TEMPERATURES NEAR 0.1K.

RESONANCE EFFECTS WITH CAPACITORS CAN BE USED IF NECESSARY.

0 HICROPHONICS REPRESENT PRACTICAL PHOBL_S BUT NO

FUNDAMENTAL DIFFICULTY. RECENT TESTS SHOW THAT HICROPHONICS CAN

BE SUFFICIENTLY SUPPRESSED.

8-11



Frequency Response
for Various Biases

Equivalent Circuit

rox. Response without

Capacitor
! !

9 ,. t, ,'_

Resonant enhancement of bolometer slgnals using a shunting capacitor. As

predicted by Mather (1983), both amplitude and 0 of enhancement are functions

of detector bias. Use of the capacitive resonance can be useful in improving

the performance of detectors in amplifier noise limited systems.
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CRYOSTAT TEMP FLUCTUATIONS

0 FOR FIXED _, G u C

= TIME CONST., G - THERMAL CONDUCTANCE, C - HEAT CAPACITY

IN A PROPERLY DESIGNED BOLOMETER C _ T3 _ G a T3

TEMPERATURE FLUCTUATIONS IN THE CRYOSTAT CAUSE BOLOMETER

FLUCTUATIONS. THESE CAN BE RELATED TO AN EQUIVALENT

POWER FLUCTUATION.

6P = G 6-T _ T 3 6T

HOWEVER, NEP Q T5/2

THUS, AS T ÷ 0 THE TEMPERATURE FLUCTUATION POWER DECREASES FASTER

THAN DETECTOR NOISE, AND IS LESS IMPORTANT THAN AT HIGHER

TEMPERATUR ES.
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o NOISE vs. FREOUENCY

TYPICAL TEST PROCEDURE

0 I,V PLOTS

o Z(_) MEASUREMENTS (CAN BE RELATED TO THERMAL TIME CONST.

(MATHER, 1982))

0 INDEPENDENT INFRARED ABSORPTANCE MEASUREMENT - (TRANSMISSION

AND REFLECTION MEASUREMENTS ON SPECTROMETER)

o COMPARISON OF MEASURED PARAMETERS TO THEORY

EXCELLENT AGREEMENT HAS BEEN OBTAINED BETWEEN MEASUREMENT AND

THEORY IN OUR ION IMPLANTED SILICON BOLOMETERS. THUS THE TESTS

OUTLINED ABOVE ARE SUFFICIENT TO ALLOW US TO PROJECT PERFORMANCE OF

THESE DEVICES AS INFRARED DETECTORS.
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CONCEPTUAL DESIGN OF A MULTIPLEXED

Ge:Ga DETECTOR ARRAY

C. M. PARRY
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BOX 296

AZISA_ CA. 91702
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LOWBACKGROUNDIR DETECTORAND DETECTORARRAYEVALUATIONS

J. H. Goebel, D. A. Jared, J. H. Lee, C. R. McCreight

M. E. McKelvey, and P. S. Stafford
NASA Ames Research Center

Moffett Field, CA 94035

- -- J

Introduction ....

A technology program has been underway at Ames since 1978 to

develop and evaluate detectors and integrated detector arrays for

low-background astronomical applications. The approach is to

evaluate existing (<24 _m) array technology under low-background

conditions, with the aim of adapting and optimizing existing

devices. For longer wavelengths, where the technology is much

less mature, development is sponsored and devices are evaluated,

in both discrete and array formats, for eventual applications.
1,2

The status of this program has been reported previously.

We rely on industrial and university sources for the

detectors. Typically, after a brief functionality check in the

supplier's laboratory, we work with the device at Ames to

characterize its low-background performance. In the case of

promising arrays or detectors, we conduct ground-based telescope

testing to face the problems associated with real applications.

A list of devices tested at Ames is given in Fig. I. In the

array category, accumulation-mode charge-injection-devices (CIDs)

appear repeatedly; this reflects our recent experience with the 2

x 643 and 16 x 164 arrays. Results from the I x 16 CID 5 and InSb

CCD 6 have been reported. The status of our tests of the discrete

Ge:x detectors from Lawrence Berkeley Laboratory (LBL) are

described below. Tests of a 1 x 2 switched sample photoconductor
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array 7 are just beginning. A 32-channel CMOSmultiplexer has been
tested at 10 K.8 Low-temperature silicon MOSFETs9 and germanium

JFETsI0 have also been tested, primarily at Ball Aerospace.

This paper describes results to date on three elements of

this program: CID arrays, discrete Ge:Ga detectors, and Ge JFET
preampl i fiers.

2 x 64 Si:Bi CID Arrays

Three 2 x 64-element CID arrays were developed by Aerojet

ElectroSystems Company as a means of evaluating extrinsic silicon

detector technology under low-backgrounds.3 Fig. 2 shows the

layout of the array, which was packaged in a 32 ram-square

butterfly case. Two long transparent electrodes, with read gates

and an oxide layer on the opposite face of the Si:Bi substrate,

run vertically through the center of the figure. Four 74C154 CMOS

decoders, and a 74C193 counter, are mounted on the left; these

provide the sequential read and store pulses to the 64 pairs of

detectors. In the upper right are the two 3N163 FETs and 40 MfZ

load resistors. Resistors for thermometry and heating are also

lncluded.

A detailed view of the pixel is shown in Fig. 3. In laying

out the array, the two rows of pixels (175 pm square on 220 pm

centers) were separated by 250 pm, so that one row could be

illuminated by sky, and the other by object-plus-sky. The two row

outputs can be read out separately, or differenced directly to

provide "front end" background subtraction.

Most of our testing on these arrays has actually been done at

a "moderate" background, which we estimate to be 4E7 ph/s (= 6E-13

W), to match conditions in the Lick Observatory cryogenic

spectrometer, in which observing runs were made in October 1982

and July 1983. Recently, by use of an attenuation filter, we have

obtained data in the low-background range. This background is
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estimated at 3E5 phls (= 5E-Ib W). lhe optical system used In

earlier testing of the I x 16 CID was also used in these tests.

Our recent 2 x 64 results show both similarities to and

differences from the I x 16 array data summarized in Ref. 5. The

2 x 64 data were taken at moderate background, except where noted;

the similarities will be discussed first.

Our measurements of responsive quantum efficiency are all

consistent, and in the range of slightly below 0.20 to about 0.25.

This corresponds to a responsivity in the range 2.5 to 3.2 A/W.

Although some adjustments in read and store voltages and sampling

locations were necessary and we observed some variability from day

to day, these results are typical of good performance. Very

recently, we measured a low-background responsive quantum

efficiency of 0.20, which is consistent with earlier results.

Other characteristics which apply to both arrays are input

capacitance (4.3 pF measured 2 x 64 average vs. 3.8 pF in Ref. 5)

and 2 Hz low-background 3 dB-limit to frequency response. An

array temperature in the range 11 + 2 K produced optimum

signal/noise results in all cases.

A number of differences in performance were also observed.

Fig. 4 shows the limit of mid-lO 5 to 1 x 106 electrons for well

capacity, which we measured at both moderate and low backgrounds.

This is a factor of about 50 lower than one would predict on the

basis of the areal capacitance of SiO 2 layers, and this

significant discrepency is not understood. Another difference is

that while the absolute difference between optimum 2 x 64 read and

store voltages (about 12 V) is comparable to the i x 16 difference

(about 9 V), the midpoint of the 2 x 64 voltage swing was

significantly displaced from ground. That is, we find an optimum

(Vstor e, Vread) pair of (+I V, -11 V), compared to the previous

(+4 V, -5 V) setting.

Other 2 x 64 parameters were different, in a positive sense.

We have regularly achieved read noise levels below 200 e- rms in

the laboratory, and measured 157 e- rms (Fig. 5) while the analog
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system was mounted to the 120" telescope at Lick Observatory.

This result is a factor of four better than the I x 16 average,

the latter being limited by the drive and sample/hold circuitry.

Furthermore, the 2 x 64's were much more uniform. Fig. 6, which

shows signal for each channel after offset correction, indicates

standard deviations about 10% of the average, vs. about 25% for

the I x 16. The latter result was high due to the large number of

inactive pixels in the sample array, and the tendency for

photoelectrons created in the "dead" sites to be swept into and

read out from the neighboring active pixels. Finally, it was

found that frequency response was significantly enhanced at

moderate backgrounds. Fig. 7 illustrates moderate-background

signal response at 30 Hz; our data show a 3 dB point at or greater

than 20 Hz at moderate background.

Based on our experience and incomplete results, the following

general assessment of Si:Bi ClD technology is offered. While

significant and unexplained differences were found between the I x

16 and 2 x 64 arrays, the three 2 x 64 arrays are similar. It

seems that within the same generation of devices, at least, one

can assume common performance characteristics. The processing and

production technology is not yet highly developed, as evidenced by

the delayed deliveries and inactive pixel pairs which resulted on

our contract. (The three delivered arrays had 2, 3, and 8 pairs

of inactive pixels.) Although we have not studied possible

trapping effects in sufficient detail, at a signal level of 3900

ph/integration at a 3E5 ph/s background, we did not observe a

significant signal lag. The character of the moderate-background

signal response in Fig. 7 (i.e. two or three readouts to reach

full signal amplitude, with the first sample significantly above

the 50% level) applies to low-background conditions as well. This

character can be interpreted as being caused by dielectric

relaxation within the device.5 Note, however, that this picture

is not completely satisfactory, since we find that at moderate

background and extended (>I s} integration times, the device takes
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many reads to reach full signal amplitude. Also, we do not have

good dark current data yet, but can report that, viewing the cold

shutter, the array could integrate for >30 s without coming close

to saturation. A final comment is that we have no data on CID

response in a radiation environment; this would clearly be

critical in an orbital application.

In summary, many aspects of CID performance appear promising

for low-background applications. With a 20% responsive quantum

efficiency and 200 rms e- of read noise, one calculates a 1.8E-17

W/v_Tz NEP in I s of integration time, indicating a very good

inherent sensitivity. Low-background radiation and trapping

effects are among the key CID characteristics which we have not

yet established.

16x16 Si_Bi CID array

This array 4 is a contiguous subarray of a 32x32 chip with all

256 pixels active. While its row electrodes have been connected

with metallized traces, the read gates in the columns have been

stitched together with a gold ball bonder (Fig. 8). This approach

improved production yield and probably array uniformity as well.

Two CMOS scanner chips address the columns with a maximum frame

rate of about I kHz, and each row is read out by a 3N163 MOSFET.

The array has been evaluated under low backgrounds in the

same test setup described in detail in Ref. 5. Testing was

performed at a variety of temperatures, and lO to II K was found

to be an optimum temperature range. Blackbody radiation was

filtered by an ll.O + 0.03 _m narrow bandpass filter and neutral

density filters. Table I shows the average performance parameters

across the array. Fig. 9a shows a sample row readout (row 7) with

the blackbody illumination on and off. Fig. 9b shows temporal

response of a single pixel to chopped external blackbody

radiation. The blackbody signal is about 6E6 ph/s and the chopper

blade signal is about 2E5 ph/s.
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Typical noise levels achieved are presently in the 600

electron/readout range. This noise is higher than that for the

2x64 arrays reported above; we find the 16 x 16 drive electronics

are limiting, and are currently constructing an improved version.

Note a significant response lag is not present in this array

at these backgrounds to the extent reported in other CID arrays.

However, there is an interesting asymmetry in the amount of

response lag upon increasing and decreasing i!lumination. There

is less lag present when flux is decreased (up on the oscillograms

in Fig. 9b) than when flux is increased.

Fig. 10 gives the output of a typical row (Row 8). The

average responsivity is 4 A/W, corresponding to an average

responsive quantum efficiency of 27%. The variation is about I0%

of the mean. The well capacity of _3E5 electrons is lower than

expected on the basis of device electrode capcitance, and limits

the array's applicability in moderate- and high-background

experiments. :

At moderate backgrounds we have found the device's

characteristics to remain nearly unchanged. At these backgrounds

one is driven to the fastest readout rates, which cBn lead to

extra noise due to clocking problems. But the quoted well

capacity, quantum efficency, and uniformity numbers apply from

photon rates of IE5 to IElO per second, ;_

To aquire data from large arrays of this type, it is

essential to have a computer-based automatic'da_a acquisition

system. We have designed and constructed such a system based upon

an industry standard MULTIBUS architecture,t1 The system is low

cost, compact and portable. Fig. 11 shows its architecture. The

interesting features are the use of commercial 12-bit, !25 kHz A/D

16k RAM dual-port data acquisition boards, and co-processor

boards, which do real-time digital signal iRtegratiqn. This

allows the CPU to be more productively employed during data

acquisition. Two 1.2 Mbyte floppy discs and a high-resolution

color graphics monitor provide the storage and display functions.
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This system is more susceptible to noise than desired, and we

cannot go below 600 e" read noise without major modifications.

The second version of the data system is shown in Fig. 12.

It retains the co-processor concept to reduce data storage

requirements through real time signal averaging, but relocates the

A/D and co-processor boards in the array drive electronics box,

and does not connect them to the MULTIBUS. This architecture

significantly reduces the complexity of the electronic

exerciser/computer interface, and improves interference and

clock-pickup immunity. Of all interference problems, synchronous

clock pickup is the most serious. It cannot be reduced by

averaging or subtracting frames, but can be avoided by careful

shielding and grounding design.

With the first version of the data system, we have been able

to take images of a 250 pm spot. The pixels are approximately 165

_um center-to-center, so the reimaged spot is predominately in one

display pixel with some small amount in each of the surrounding

pixels. There is very little response beyond the adjacent pixels

in a given row, indicating low crosstalk between columns. Between

rows, however, significant crosstalk is seen. A sample of the

monitor output is shown in Fig. 13. The system's portability and

durability have been tested in the field, where successful

operation has been demonstrated.

Ge:Ga and Ge:Be Testin_

An apparatus has been constructed at Ames for the evaluation

of long-wavelength infrared detectors, and sample extrinsic

germanium photoconductors have been tested. Preliminary

responsivity and noise-equivalent power (NEP) results show good

agreement with evaluations of the same detectors by N. Haegel at

LBL.

The test system is built within an extra-long Infrared

Laboratories HD-3(8) dewar. Included in the assembly are a low
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temperature (5 - 150 K) internal radiation source and a

galvanometer-type chopper as well as provision for the use of

radiation sources external to the dewar. Modulation frequencies

with the internal chopper are variable from 0.1 to about 70 Hz

with various waveforms.

Gallium- and beryllium-doped germanium photoconductors have

been provided by Dr. E. Hailer of LBL. The gallium-doped

detectors (gallium concentration = 2E14 cm -3) have shown a best

NEP at zilch background of about 6E-17 W/vr3T_". Responsivity at the

best NEP is 5 A/W, with responsivities up to 30 A/W achievable

before breakdown. These responsivity numbers are in agreement

with LBL results to within 10 20%. Fig. 14 is a typical plot of

response and NEP vs. bias field.

The strong dependence of responsivity on detector temperature

observed at LBL 12 for the beryllium-doped detectors (Be

concentration = IE15 cm "3) has also been seen in our laboratory.

Ge:Be signal response decreases by 70% and noise by 90% as

detector temperature is reduced from 4.2 K to 3.6 K. The best NEP

(see Fig. 15) is about 2E-16 W/Hvr-HT,measured at 3.8 K and

negligible background.

The test system is ultimately slated for the evaluation of

prototype Ge:Ga photoconductor arrays currently under study.

Ge JFET Testing

The germanium JFET represents a dormant semiconductor

technology which Was supplanted by silicon technology nearly two

decades ago. For cryogenic applications it has long been known

that cooled Ge JFETs behave quite well at high frequencies,

particularly for nuclear particle detectors. At low electronic

frequencies where IR photoconductors operate, little work has been

done. Together with R. Arentz and D. Strecker of Ball Aerospace,

we have evaluated th'eir applicability to the source follower and

TIA configuration using 20-year-old Texas Instruments Model XM12

11-8



Ge JFETs 10 Table 2 presentsl our qualitative assessment of the

devices which were tested at'%].BK. When cooled, the thermalized

gate channel leakage current vanishes, and the diode is well

behaved with a broad reverse-bias flat-band region. Fig. 16 shows

the transconductance curves at room and pumped liquid helium

temperatures. The transconductance increases at cryogenic

temperatures, and Fig. 17 shows that the source follower gain can

be tuned to near unity at 1.8 K, where the input capacitance is

near 4 p F.

The noise behavior is of critical importance in the TIA

application. Fig. 1B shows that Johnson-noise-limited performance

can be achieved with a IE10 _ feedback resistor between l and

lO00 Hz when the pair of Ge JFETs are operated at 4K with about

lO0 juW of dissipated power. Fig. 19 indicates that the TIXM12's

have noise performance in the source-follower mode that is a)

superior to that of-the ZK-lll MOSFET at 4K and b) comparable at

frequencies above lO Hz to a J230 Si JFET self-heated to 80K in a

4K enclosure,

The potential applications of Ge JFETs, with their good noise

performance, are in hybrid and monolithic focal planes of

long-wavelength doped germanium, or in other single-temperature

focal planes. Renewed development efforts on this type of device

are clearly desirable.
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TABLt 1

!'

,.j"

16 x 16 Si:Bi CID Array Performance
Measurements at Ames

)_ = 11 _um at low (about IE6 ph/s] background

Responsive q_antum efficiency

Well capaclt_

Read noise

Responsivit¥ (17 pm)

NEP

Uniformity of responsivity

~0.25

,_3E5 electrons

<600 electrons

_,4 A/W

<IE-16 W/VrHz or BLIP

10%
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Figure Captions

Fig. I Devices Tested at Ames

Fig. 2

Fig. 3

2 x 64 element Si:Bi CID array assembly mounted in

butterfly case

Close-up of 2 x 64 array, showing pixel geometry and

scanner chips

Fig. 4 Well capacity measurement for 2 x 64 CID array

Fig. 5 Noise spectrum for 2 x 64 CID array

Fig. 6 Uniformity of responsivity of 2 x 64 array

Fig. 7 2 x 64 response to 30 Hz chopped blackbody signal

Fig. 8 16 x 16 element Si:Bi CID array. To the left are
74C193 and 74C154 CMOS scanner chips

Fig. 9 a) Full frame, and b) single pixel readouts from 16

x 16 array

Fig. 10 Uniformity in responsivity of 16 x 16 array

Fig. 11 Z80-based microcomputer data acquisition system

Fig. 12 Improved version of data acquisition system

Fig. 13 Images of 250 _m spot obtained with data acquisition
system. Clockwise from upper left are shown:
image of spot after background was subtracted;

image before subracting background (noi_ elevated
fixed-pattern noise); image of weak source in
presence of strong background; and display of

random noise. Note that each output has been

separately scaled.
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Fig. 14 Ge:G_ resl)_)nsivity ar
3.0 K

NEP as functions of bias at

Fig. 15 Ge:Be responsivity and NEP as functions of bias at
3.8 K

Fig. 16 TIXM12 I-V curves

Fig. 17 TIXM12 gain and input capacitance as a function of

gate-to-drain voltage

Fi g. 18 TIXM12 noise spectral density curves

Fig. 19 Noise characteristics for various FETs in

grounded-gate, source-follower configurations
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2 x 64 NOISE SPECTRUM
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Figure 5
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• Si :Bi ARRAY DETECTORS AND ASTRONOMICAL y/ /APPLICATIONS OF THE GODDARD 10 MICRON CAMERA

NASAIGoddard Space Flight Center

Richard Tresch-Fienberg and Giovanni Fazio , /

Harvard-Smithsonian Center for Astrophysics _ _ ?_'(_/

William Hoffmann /_/ _,_'2., _'Ta"
Steward Observatory, University of Arizona

I. INTRODUL'TION

An improved 4 - 18 micron array camera system has been developed at NASA

Goddard Space Flight Center for astronomical photometry, using an Aerojet

ElectroSystems Corp. 16 x 16 Si:Bi accumulation mode charge injection device

(AMCID) which could be suitable for eventual low-background spaceflight

applications. An astronomical observing program using this device has been
carried out as a collaboration between NASA Goddard Space Flight Center

(Infrared and Radio Astronomy Branch and Micro Electronics Branch), the

Harvard/Smithsonian Center for Astrophysics, and Steward Observatory of the

University of Arizona.

7

/

In 1983 the camera system was revised, and a new Aerojet Si:Bi array with

16 x 16 active pixels was obtained from NASA/Ames Research Center as part of a

new scientific collaboration between the Ames and Goddard infrared array

research groups. The 16 x 16 device had sufficiently good sensitivity,
uniformity and noise characteristics to be used for successful observations at

the Mr. Lemmon 60 and 61-inch telescopes in May 1983. Complete laboratory

characterization of the 16 x 16 array will be carried out in summer of 1983.

Initial results indicate that this detector has sensitivity and noise

characteristics comparable to other devices from the same generation of

Aerojet arrays.

II. ARRAY CAMERA SYSTEM DESCRIPTION

Si:Bi AMCID detector array characteristics and performance have been

discussed in general by McCreight and Goebel (1981), in technical reports

prepared by Aerojet for NASA Ames Research Center, and by Parry (1983). Prior

to 1983, the detector used extensively in the Goddard camera was an Aerojet

Si:Bi array with an 8 x 10 pixel active area, and several additional

functioning rows and columns. A description of that system was given by

Arens, Lamb, and Peck (1981).

The array, cryogenic MOSFET preamplifiers, focusing optics, and filter
wheel mechanisms are housed in a liquid helium dewar and maintained at a

temperature of approximately 10K. The detector operating temperature may be

adjusted to optimize detector performance with a small heater attached to the

array housing.

Operation of a single detector of the array and its associated cryogenic

preamplifier is as follows. Infrared radiation incident on a detector element
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is converted into a charge flux in the extrinsic semiconducting crystal. This
charge flux is integrated in the detector accumulation capacitance and read
out by a clock voltage pulse to the cryogen_2MOSFETpreamplifier. The MOSFET
devices presently used have about 80 nV Hz- voltage noise at I KHz.

The Goddardarray camera system architecture is shown in Figure I. The

array is read out by clocking individual columns and scanning output signals

from each row as follows. Each of the 16 parallel array detector output
channels (one for each row) feeds a source follower MOSFET. When a column cf

pixels is read out by applying a -8.5 volt pulse to the read gate electrode,

the charge generated by incident radiation during the integration is deposited

onto the input capacitance (approximately 2 pF) of the appropriate MOSFET,

yielding about 0. I microvolt signal per electron. The signal goes to the

correlated double sampler (CDS), a switching filter with the unique property

of reducing the I/f noise, the dominant noise source in the readout

electronics. The output of the CDS is then digitized by a 12-bit

analog-to-digital converter.

The pixels are sampled at a variable frame rate as high as 1000 Hz,

generating thousands of individual frames of data for typical integrations of

a few seconds. Motorola 68000 microprocessors sort and co-add these frames at

each chopper sky position, and send the final summed images to an LSI 11/23

microcomputer for flat-fielding and other array processing operations. The

LSI 11/23 also controls telescope chopping and nodding during astronomical

observing. Image data and operational software are stored on a Winchester

hard disk with floppy disk backup.

Optics to focus an image onto the array consist of paired field and relay

lenses and appropriate aperture stops which create a well-defined beam. Lens

pairs have been selected for use with f/27, f/35, and f/45 telescopes. The

optics magnify or demagnify the image to place 2 x 2 pixels within the Airy

diffraction disk at 10 microns. The size of each detector unit cell is 0.2 x

0.2 mm, yielding pixels less than I arcsec on a side on telescopes with

apertures greater than 2 meters. Two filter wheels permit the use of a

variety of interference filter/blocker combinations. A tunable circular

variable filter (CVF) with 5_ bandwidth can also be installed in one of the

filter wheel housings. The astronomical observations done to date have

utilized four bandpass filters with effective wavelengths 8.3, 9.6, 11.2, and

12.4 microns and bandwidths between 0.25 and 0.9 micron. Wider bandpass

filters are not used on warm, high background ground-based telescopes, since

the detector wells fill faster than they can be read out.

Data acquisition during observing is controlled by system software

prograns which include a real-time display mode, which allows the observers to

view bright infrared sources in real-time with the 10 micron camera for source

acquisition, telescope pointing, focusing, etc. Individual images can be

combined during the observations for background subtraction, gain matrix

correction, and integration. Images are displayed as gray-scale pictures,

with signal/noise statistics provided in real-time. This permits evaluation

of the results as the observations progress. Spatial registration to reduce

image blur when combining successive images of the same object is accomplished

with a cross-correlation prograg, and smoothed images or contour maps are

generated. Photometric calibration is done by comparison with images of IR
standard stars.
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III. DETECTORANDCAMERASYSTEMPERFORMANCE

Most of the laboratory or observational data we have obtained on the

Goddard array camera system performance were obtained under high background

conditions. Some of this discussion applies to laboratory testing of "sister"

arrays of the same generation manufactured by Aerojet. These devices were not

selected for optimal sensitivity, so the characteristics described in the

following paragraphs should be taken as average (but not limiting) performance

of present Si:Bi AMCID technology. For a general description of the testirr.

program at Ames, and a discussion of Si:Bi AMCID array characteristics at ,ow

background, see McCreight and Goebel (1981).

Si:Bi is sensitive to infrared radiation at wavelengths between about 4

and 18 microns (Figure 2). This entire spectral range would be accessible

from space; from the ground, atmospheric absorption limits the camera to

observations between about 8 and 13 microns.

As the accumulation layer capacitance fills with photo-generated charge

there is a gradual saturation seen as a decrease in small signal response and

as a limit on DC level with increasing integration time. Fo_ the 16 x 16
Si:Bi array described here the limit appears at about 2 x 10 charges.

Table I: Goddard Camera "16 X 16" Si:Bi Array Characteristics

Well Capacity = 2 x 105 electrons

-I
Dark Current = 200 electrons sec

Quantum efficiency = 5%

Responsivity = 0.5 Amp W -I

Noise Equivalent Power = 4 x 10-17WHz -I/2 (zero background)

Optical Frequency Response = 200 Mz (@ 109 photons sec-lpixel -I)

25 HZ (@ 107 " " " )

The net observed noise equivalent power (NEP) of any array detector

element (not considering electronic readout noise) during operation is the sum

of the incident background radiation noise and the detector dark current shot
noise.

NEP : he I [2(n@+ ¢)]I/2 W Hz -I/2

n

where h = Planck's constant, c = speed of light, n = quantum efficiency, _ =

flux (photons/sec), ¢ = dark current (charge/sec), and I = integration time.

The camera system responsivity is approximately 0.5 Amp W -I, based on

observations of infrared standard stars. This is about a factor of 10 lower

than the responsivity of an ideal system (McCreight and Goebel 1981) and can

be accounted for by non-optimum operating conditions (detector temperature,

read and store voltages, clock rate, etc.) and the low quantum efficiency of

these specific devices (estimated to be about 5% between 8 and 13 microns).
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The quantum efficiency . for our case is calculated as follows :

(Charge collected)
.(X) _ (Photons incident)

(ABou t Gcds C e t/x) / (GMoS G
pa

TAS0 I

q)

where AB . = output bin difference (signal level), G d : CDS Gain, C _0_i 9
detector°_pacitance, G..OS = MOSFET gain, G a = pream_ _ain, q = 1.6 x

Coulomb, T = MOS gate t_me constant, t : cl_mp sample time, T : system -I

tra_sml_sion, A = detector area, g = solid angle, 0 = flux (photons sec
cm--Sr--), and I = integration time.

The well capacity of _he detectors, which impacts noise performance and
dynamic range, is about I0- electrons. Si:Bi detector responsivity and

signal/noise are functions of detector operating temperature, read and store

voltages, sampling frequency, chopping frequency, and wavelength and level of

incident illumination. The relative response of Si:Bi detector material and

the present 16 x 16 array camera system is shown plotted vs. wavelength

(Figure 2), detector temperature (Figure 3), frame rate (Figure 4) and

chopping frequency (Figure 5).

Based on our observations of NGC 7027 at the 90-inch telescope with

typically 10% bandwidth interference filters, the noise equivalent flux

deng_ty 9f t_e camera system was about NEFD : 2.5 JY in 2 minutes (i Jy =
10---Wm-=Hz--). In this case the system is background noise limited by the

warm telescope and sky at just above the MOSFET noise limit. The MOSFET noise

is kept below the background noise by choosing an appropriate sampling rate.

At low background, dark current limited detector NEP for1_his ge995ation of
AeroJet arrays was found to be as low as a few times 10-'" W Hz.... .

Detector gain varies by no more than 15_ among pixels in a row, but by as

much as a factor of 2 between rows in the array, reflecting differences in

input capacitance of the MOSFET preamplifiers and the total amplifier gain

associated with each channel. Since at least one gain matrix is generated for

each filter band each night, uniformity and stability do not significantly

constrain the photometric accuracy attainable with the array camera system.

Si:Bi AMCID array technology poses some detector performance problems

which are not yet fully understood. These include: I) poor frequency response

at low backgrounds (not necessarily a fundamental problem for space telescope

applications except those measurements involving tlme-fluctuating signals) due

to trapping at low light levels (photo-electrons being preferentially absorbed

by bulk or interface trapping rather than being read out), 2) limited well
capacity (present maximum about 10 electrons, not a problem for low

background applications), 3) inherent cross-talk between columns of as much

as 20Z (can be corrected in data analysis or possibly with new guard rlng

technology), 4) cryogenic FET noise (can be reduced in readout noise limited

cases by selection of alternate FET technology and appropriate operating

temperature), and 6) image perslstence or "response lag" (we observe I$

residual signal in images on and off source at high background; others have

found several 10's of percent, c.f. Fowler 1983).

13-5



T-UK

0.1

o

`01 I i = L ] _ J i I J, i i l I I • l_.J__..J._..

I S 10 15 20

WAVEt.ENG_H {M_CRONS_

Figure 2: Relative response of Si:Bi detector material vs. wavelength.

The sample is not one of the arrays used in the Goddard 10 micron camera,

but is characteristic of this detector material. The "constant n" line

indicates constant detector response per photon vs. wavelength, normalized

for incident photon energy.

4.0 i

3.0

2.0
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Figure 3: Relative response vs. detector temperature of an early 3 x 3

pixel Aerojet array used in the Goddard 10 micron camera. This dramatic

temperature dependence has not been reproduced in initial tests of the 16

x 16 array.
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Figure 4: Relative response vs. frame rate for the 16 x 16 plxel array as

measured in the labor;atory. Typically, the camera system is operated at

frame rates between 400 and 800 Hz.
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Figure 5: Relative detector response vs. chopper frequency for the 16 x

16 pixel array as measured in the laboratory. Typically, the camera

system is operated during astronomical observations with the telescope

secondary mirror oscillating in a square wave pattern at 5 to 10 Hz.
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IV. OBSERVATIONAL APPLICATIONS AND ASTRONOMICAL RESULTS

The first astronomical observations with the Goddard array camera were

made In March 1981 on the Mr. Lemmon 61-1nch telescope. At that time, the

largest group of contiguous active plxels was 2 x 10 in size. The successful

operatlon of the camera was demonstrated, and images of Orion BN/KL,

IRC+I0216, Jupiter, and several stars were obtained (Arena et al. 1981).

In November 1981, the 8 x 10 array was used successfully at the Infrar(J

Telescope Facility (IRTF) on Hauna Kea. The Orion BN/KL region was mapped at

12.4 microns; our images had better relative positional accuracy and showed

more detail than the earlier map from Mr. Lem_on (Figure 6). Images of Orion

IRc2 at 8.3 and 9.6 microns were also obtained. Our results are very similar

to those obtained with a single detector published by Downes et al. (1980),

both in the number and arrangement of compact sources and their relative

intensities, demonstrating that the new CID technology could be used to make

reliable astronomical measurements. The nucleus of Seyfert galaxy NGC 1068

was detected (Figure 7), but there was insufficient spatial resolution to

resolve any of the features seen in a recent radio map from the Very Large

Array (Van tier Hulst, Hummel, and Dickey 1982). The brightest planetary
nebula in the infrared, NGC 7027, was observed at 12.4 microns at the IRTF.

However, spatial coverage of the central 10 arcsec of the nebula was
incomplete.

In May 1982, the 10 micron camera was taken to the Steward 90-inch

telescope at Kltt Peak National Observatory. NGC 7027 was imaged at 8.3, 9.6,

and 12.4 microns (Tresch-Flenberg et al. 1983, Arens et al. 1983). Due to an

electronic problem in the dewar, the l-"--_rgestcontiguous block of pixels during

these observations was 5 x 10 pixels. In order to cover NGC 7027 adequately,

a composite of 12 images was generated. We have compared the infrared images

(Figure 8a) to a high resolutio n radio map (Figure 8b) and to optical images
(Figure 8c) taken with a charge-coupled deride (CCD) camera (Figure 9). The

dust and gas distributions in the ionized zone (the HII region) are found to

be similar on a scale as small as 2 arcsec, confirming and extending earlier

findings on the extent to which the dust and gas are mixed (Becklin,

Neugebauer, and Wynn-Williams 1973).

By studying the radio, infrared, and optical intensity distributions, we

find that two distinct populations of dust are required to explain the

properties of the infrared radiation from NGC 7027. The depth of an apparent

absorption trough in the spectrum of this object at 9.6 microns is

antl-correlated with local enhaqcements in extinction, while the intensity of

9.6 micron radiation is greatest in these same regions. As suggested by an

earlier investigation into the variation of the 8-13 micron spectrum with

position in the nebula (Jones et al. 1980), and by measurements which imply

that NGC 7027 Is carbon-rich (Pe-_-notto et al. 1980), we believe that the dip

in the spectrum of this object at 9.6 microns is not caused by the silicate

absorption seen in many nebulae. Instead, we propose that our results may be

understood in terms of two populations of non-sillcate grains, One is a

patchy distribution which contributes to the local variation of extinction

across the nebula, while the other is more uniformly distributed and

responsible for unidentified em_sslon features near 8 and 11 microns.

J
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IRc7

Igc4

Figure 6: Smoothed intensity contours of the Orion BN/KL star-formation

region at 12.4 microns. This map is a composite of ten 8 x 10 pixel

images obtained on the 3-meter IRTF in November 1981. The area shown is

21.2 x 13.4 arcsec in size (NS x EW). North is at the top; east is at the
left.

Figure 7: Smoothed intensity contours of the nucleus of Seyfert galaxy

NGC 1068 at 8.3 microns. This 8 x 10 pixel image was obtained on the IRTF

in November 1981, and the contour levels are 10%, 20%, ...100% of peak
intensity. The area shown is 7.9 x 6.3 arcsec (NS x EW). The orientation

is the same as that of Figure 6.

13-9



¢,42"02"0_"

,42"01"$4 °

z j"_,=1_ tt_"o¢" 21_S'l o' 111_I'W' z11_6"1o " Ii_"_r'

Figure 8(a): Planetary qebula NGC 7027 image _t 12.4 microns taken with

the Goddard array camera. The infrared map is a composite of twelve 5 x

14 pixel images obtained at the steward Observatory 90-_ch telescope in

May 1987 . The contours _re labele4 in units of 3 x 10- - W m" Hz

sterad . The hatched square represents one 0.58 x 0.58 arcsec pixel.

Figure 8(b): 15 GHz, radio map obtained with the synthesized beam shown in

the hatched oval, is takQn from Harris and Scott (1976). The contour

interval is 290K (brightness temperature).

Figure 8(c): 8560 Angstrom optical image obtained in September 1982 with

the Center for Astrophysics CCD camera on the 24-inch telescope of the F.

L. Whipple Observatory. The contours represent I0%, 20_, ...100% of peak

intensity. The hatched square represents one 0.73 x 0.73 arcsec CCD pixel.

BD30_144 BD30_144.GEOM.1

0

o

O

BD30__21 BD30-221.GEOR, t

0

0

<}

Figure 9: Planetary nebula BD+30 3639 at 8,3 and 12.4 microns. These

images are the average of eight pictures each obtained wlth the 16 x 16

pixel Goddard camera in May 1983 on the LPL 61-inch telescope on Mt.

Bigelow. The images are not yet flat-fielded, nor have the pictures been

cross-correlated to minimize b_ur during the averaging process. Each

pixel subtends 1.3 x 1.3 arcse¢ on the sky.
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In April and May 1983, the new 16 x 16 pixel array was first used for

astronomical observations at the _fc. Lammon 60 and 61-inch telescopes. All
but 2 o£ the 256 ptxels in this array are active* Diffraction limited images

of planetary nebulae BD+30 3639 (Figure 9) and NGC 6790 were obtained at the
61-inch telescope in our four filter bands between 8.3 and 12.q microns. A

series o£ laboratory tests are presently underway st Goddard to optimize the

performance o£ this device under both high and low background conditions.
Photometric accuracy, spatial uniformity, and stability of the camera system

are of particular interest to astronomers. Photometric accuracy is estimated

by comparing observations o£ many standard stars in each filter band. Results

from the May 1982 90-inch run, for which we have the most standard star data,
indicate a relative photometric accuracy of 105, limited by variations in

battery voltages used to power the readout clock. Since more stable low-noise
supplies are available, this is not a limiting value.

Uniformity and reproducibility are found by studying flat-field (gain)

matrices for the array detectors, which are generated during the observations

each night for each filter by taking several integrations on source-free
regions of the sky at I and 2 airmasses. Integrations at each position are

averaged, and the I airmass matrix is subtracted from that at 2 airmasses.

The difference matrix is normalized to a reference plxel. The result is an

array of numbers representing differences in gain among the detector's pixels.

An image produced with the appropriate background subtraction is then

multiplied by the gain matrix and is ready for absolute calibration.

The Goddard array camera system will be evaluated under low background

conditions in the laboratory to rigorously determine the dark current, readout

noise, quantum efficiency, dynamic range, linearity, cross-talk, and

uniformity of response. The camera electronics system will be further

upgraded to provide more resolution in the analog-to-digltal conversion and

more compact and rugged instrument packaging. Other areas of concern for

future space applications include array reliability, radiation hardening,

mechanical durability, and electronic packaging for space qualification.

Techniques of array fabrication have been developed and applied in the Coddard

Micro Electronics Laboratory, and we expect to have several in-house

fabricated custom arrays Operational within the next year.
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The Shuttle Integration and Satellite Systems Division of Rockwell International
and the University of Hawaii's Institute for Astronomy have undertaken a joint
project to demonstrate applications for hybrid silicon infrared CCDarrays in both
ground and space based astronomical instrumentation. The primary goal is to provide
a point of departure for both instrument designs and further development of the
device. The test device is an indium doped silicon (Si:In) version of the 32x32
Rockwell 30331 surface channel hybrid silicon IRCCD. The 30331devices form a
family of two-dimensional infrared CCD'swhich are fabricated by hybrid intercon-
nection of a highly standardized direct injection surface channel silicon CCD
multiplexer with any of a potentially large selection of extrinsic silicon or
germaniumphotoconductive detector arrays. The device structure and a typical
instrument interface are shownin Figure i.

The motivation for further study of this technology is contained in the
following summaryof both its positive and potential negative aspects. It is
noteworthy that there is considerable room for technical improvement in all of these
areas through better understanding of processing requirements and application
related design changes.

+ Independent detector and multiplexer
optimization

+ Operation at temperatures below 15K

+ Wide selection of detector material

+ Easily expandable size

+ Reasonableproduction yield

+ Standardized drive and interface electronics

- Possible interface state noise

- Fat zero injection required for high CTE

A few of these issues will be discussed in detail, followed by a summaryof the
demonstrated performance of the test devices.

The hybrid silicon family tree has two primary branches. The first extends in
the direction of variations in the choice of detector material as suggested
previously. This branch is shownin Figure 2. The second branch involves the
spatial expandability of this technology. Several 32x32 multiplexers can be
interconnected to sub-zones of a larger detector chip. Each multiplexer services
part of the total array and provides redundancy in event that one multiplexer
fails. For instance, four 32x32multiplexer chips could be used to read-out a
single 64x64 detector chip. This semi-redundant modular structure is the basis for
expansion of the current hybrid silicon devices into very large focal plane arrays.
A concept of this type is shownin Figure 3 and has already been demonstrated by
Rockwell.
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The presence of interface states can degrade the operation of surface channel
devices. The degradation takes the form of reduced charge transfer efficiency and

increased noise. The CTE can be recovered by injection of fat zero electrons; but

the noise floor may remain high. This is the trade off which is currently required

to achieve operation below approximately 4Ok. Buried channel devices eliminate

this problem but freeze out at temperatures which are not compatible with the

detectors required for SIRTF. Fortunately, the density of interface states is a

strong function of the wafer processing technique and, therefore, further processing

improvements could effectively eliminate this problem in optimized surface channel
devices.

The demonstrated performance of the test devices is summarized in Table I. The

experience gained through characterization of the IRAS detectors suggests that

considerable effort must be invested in order to understand how these data relate to

the requirements of extremely low background space applications. It is already

clear that performance improvement may be achieved through trade offs between

related operating parameters. Additional test data obtained from the test devices

are shown in Figures 4 and 5. In general, the existing information is very

encouraging but does not yet extend into the SIRTF environment.

FlAT

9( T[CTOA C_ I P

Figure i Rockwell Proprietary Focal Plane Assembly
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Table I. Typical 32x32 IRCCDPerformance

Parameter

Spectral response (p)

Operating temperature (OK)

Array configuration (pixels)

Cell size (p)

Dynamicrange

CTE(f = 500 kHz, F.Z. = O)

CTE (f = 500 kHz, F.Z. = 2V)

Noise (electrons, rms)

Integration time (sec)

Charge capacity/pixel (electrons)

Clock rate (KHz)

Power dissipation (mW)

Bias voltage

Responsivity (A/W at 4.5 p)

Nonuniformity (%)

Output FET (pv/electron)

sensitivity

DC-coupling

Weight (incl. Package)

Minimum

2.0

I0

1.0xl0 -3

250

1.0xl0 -2

gram

Typical

40

32x32

88

104:1

0.998

0.9998

150

>Sx106

5OO

25

5.0

+5

0.4

Yes

I0

Maximum

7.5

45

10.0

1000

5.0

100

-9_
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In order to characterize the test devices in an environment which is similar to

that expected from SIRTF, The University of Hawaii has developed a set of drive and

signal processing electronics and a cryogenic optical head which feeds the array in

a imaging mode. This prototype IRCCD camera will be used for both laboratory tests

of the device under simulated low background conditions and for system tests at the

telescope. The camera's optical layout is shown in Figure 6 and a system block

diagram is shown in Figure 7. The system diagram indicates that reserve capability

is available in the event that a multl-output array module becomes available for

testing.

Figure 6 Arrangement of 0ptical/Thermal Components

PLANNI_O 64x114 MODUL6 7 . ...... _ _ LOCAl, J

- ;" ' _ CD_,I_,OC 4 | . _ CONTROLLER I i TERMINAL J__L_,____/ . ...... _-! i L
I IRCCO I I r" ...... _ i

r--f,'_-" ,' -_ 7_'2:\'_J--q : I f 1
---7 r" ...... m

I _1 -'_ 1. 4 CO$/ADC ' I'_ _ L"_ DATA 'TORAO. /
" ...... i r--! '"" I

I L.. I J..___j _ J J$E.tmEI4ATII: OUTImU, . J CD8 ADC ! MANIPULATION l

I coM_T.

I _,..A;o.

UH - ROCKWELL IRCCD SYSTEM

Figure 7
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An estimate of the test device's limiting sensitivity is shown In Figure 8.

This figure relates integration time per read out to the limiting sensitivity due

to the combination of read and dark current noise. These should be the limiting

noise sources in the presence of "zilch" background. The best measured read noise

is 150 electrons (rms) per pixel and the dark current should be between 50k and Ik

electrons per second. Therefore, the figure indicates that the 5 micron sensitivity

after a I0 second integration should be between 4.0E-18 and 1.8E-17 if the quantum

yield (Gn) is equal to i. The quantum yield is the primary uncertainty in this

estimate. The IRAS results suggest that the quantum yield (reponsivity) may have

to be traded for unacceptable nonlinearities.

-15
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"Evaluation of a 32x32 InSb CCD

for use in Astronomy"

W. J. Forrest and J. L. Pipher

University of Rochester

Department of Physics & Astronomy

C. E. K. Mees Observatory

Rochester, NY 14627 USA

N93-7  5 07
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I. Introduction

We have been fortunate to receive several infrared CCD array detectors

on loan from Santa Barbara Research Center. The devices are evaluation

samples, not commercially ava_able at this time. Dr. Alan Hoffman of SBRC

has made the arrangements for this loan and provided considerable technical

support to this project. One aim of this project has been to evaluate the

performance potential of this array technology, using astronomical objects.

A quick summary of our findings is given in table I. In short, we have

found the imaging properties to be excellent under both low and high back-

ground conditions and the sensitivity to be quite good (each pixel is compet-

itive with current InSb single-detector systems in use for astronomy). We

anticipate improved low-background performance when we run these detectors

at a lower and more stable temperature.

The device characteristics are described in II, laboratory testing is

summarized in III, and our first astronomical imaging is presented in IV.

Various circuits we have developed (clocks, clock drivers, DC supplies,

clamp-amplifier (simple correlated double sampling), ind a Real Time Display

System) are given in Appendix A.
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II. Description of the Device

The array consists of a 32x32 InSb photo-diode array bump-bonded to

a surface-channel silicon CCD. The device has been described in the

literature (Parrish et al. 1978, Hoendervoogt et el. 1978) so only some

brief technical comments will be made here.

A schematic of the important circuit elements is shown in Fig. i.

1-5 _m photons incident on the array detectors generate electron-hole pairs
f

which cause a current to flow in the photoudiodes. The holes travel into

the CCD through the inpu£ diffusions (i.e. direct injection) and are stored

D
under the VST electrodes, held negative. When sufficient charge has been

accumulated, the _TI electrode is pulsed low, allowing the charges to spill

into the _2 CCD slow mux shf{t registers, held_at a low potential. Then

the _TI electrode is reset high and the charge is clocked out from the slow

mux shift register to the fast mux shift register and finally to the reset

output amplifier. The series of 1024 signal charge packets cause a series

of 1024 voltage pulses at the output with voltage proportional to charge.

These voltage pulses are used to reconstruct the pattern of illumination on

the detector during the previous integration time.

Some of the features of the SBRC design are:

• Individual "detector gates" at each InSb p-n junction. By properly

adjusting this voltage, a uniform threshold (i.e. zero detector bias) can be

achieved over the whole array as well as high detector resistence (108_-cm 2

at 60°K).

• Separation of charge integration (i.e. VST) from CCD read out (_I'_2' etc.)

by the _TI transfer electrode allows essentially 100% duty cycle with no

smearing of images.

• Four electrodes/CCD shift register allow either 2 phase or 4 phase

operation as desired.

• Provision for both slow mux (TI) and fast mux (T2) fat zero signal if

desired. Low noise "Tompsetting" mode possible using control electrodes

(V2, V3, V4, V5).

• Isolation bits between each data bit on the CCD shift registers insure

essentially zero crosstalk between detectors.

• Surface channel technology allows low temperature operation (at least

40°K) and provides large bucket size (107 electrons for 2 phase, =2x107

electrons for 4 phase operation).

E
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• Detectors provide nearly complete areal coverage'(active areas FWHM

3.7 x 3.7 mils for detectors on 4 mil centers).

• High detector quantum efficiency (n = 0.61 measured at 3.8 _m and 60°K

operation).

III. Laboratory Testin@

In support of the above claims of detector performance and in prepar-

ation for astronomical observation, an extensive series of laboratory tests

were performed on the three arrays we have available currently. Most of the

test results will refer to the best detector, though the second backup detector

would provide useable performance for some astronomical projects. The third

detector is infrared inactive, and was supplied in order to test our drive

electonics.

A. Equipment

An available LN2/LHe dewar was modified to house the CCD. The optical

configuration is given in figure 2. In addition to the elements shown, an

extensive series of baffles painted with 3M Nextel flat black block any stray

radiation. The stray light level has not been measured but must be less than

105 photons/sec/pixel (109 photons/sec/cm 2) from dark current measurements.

A special fan-out board was constructed with the leadless CCD chip carrier

in the center. This provides dip-socket connections for the 36 wires needed

to run the CCD and 1 M_ static protective resistors on all MOS gates.

The electronics to drive the CCD were built in house. A description of

the electronics is given in Appendix A. The main electronics consist of the

stand-alone, hard-wired, TTL clock generator, the clocked drivers and DC supplies.

In addition a post-amplifier, which clamps on the output amplifier's reset

level to eliminate any drifts on >i0 _sec time scale, was built. Finally a

real time display, which displays our CCD output as an image on a Textronix

2215 X-Y-Z oscilloscope, was constructed. This device is invaluable for

focussing, lining up, etc.

The overall experiment is controlled by an LSI ll computer programmed

in the FORTH language. While the stand-alone clock runs the CCD shift

registers continuously, charge from the VST detector storage sites (fig. i)

will only be dumped if a _Tl-enable line is held high. This line is managed

by the computer, based on our parameter NF (Number of Frames per charge dump)

and a TTL "FRMST" signal which interrupts the computer once per frame

{typically 16-25 msec). If a Charge Dump (CD) has occurred, the computer
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readies the 12bitA/D converter (Data Translation DT 2782) to convert the next

1024 pulses and DMA the data into computer memory. In addition, if desired,

the computer can co-add successive CD's into a double-precision buffer in

real-time. The number of CD's in one scan is controlled by our parameter NCD.

Thus varying NF varies the on-chip integration time while varying NCD varies

the off-chip integration time prior to writing a scan to floppy disk.

A second pixel-picking mode is available which we use mostly for noise analysis.

In this mode, a series of ND consecutive detectors can be specified starting

at a given pixel number and 1024/ND consecutive CD's will be taken and stored

in a single-precision buffer for later analysis.

B. Results of Lab Tests

i. Detector Quantum Efficiency

To measure the quantum efficiency, 3 basic steps are taken. First the

gain of the output amplifier (see fig. i) is measured. This may be_done by

turning off VSCRI, turning on VSCR2, and measuring Vou t v__ssVrese t. Gains of

_0.6 - 0.9 are available. Next the correspondence of input voltage to input

charge is calculated from the known ga£e capacitance Of 0.4ipf. The output

voltage gain is then _1.7 - 3.0V/107 electrons depending on £he gain selected.

Finally, the CCD is allowed to look at an uniformly illuminated, black surface

of known (near room) temperature. The photon flux is calculated from the

known A, _, and filter characteristics and a quantum efficiency calculated.

The result is _ = 0.6 - 0.65 at 3.8 - 4.7um

2. Bucket (well) Capacity

By proceeding as in I. above but flooding the array with photons, a

well capacity of 107 electrons has been measured.

3. Charge Transfer Efficiency (CTE)

When looking at a uniformly illuminated scene as in I. above, we note

at most a 10% loss in signal of the last detector read out (after 129 charge

transfers) compared to the first (i charge transfer). Some of this degradation "

could be due to imperfect optics (i.e. vignetting of detectors at the peripheries).

Therefore we have a lower limit on CTE > (0.9) 1/128- = 0.9992, consistent with

the manufacturers determined CTE = 0.9994.

4. Imaging Properties

a. High background

Excellent, sharp images of laboratory and terrestrial objects have been

obtained with our 1/4" lens (see fig. 2). For example, an un-retouched image
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at 3.8_mof humanbeings is given in fig. 3.
b. LowBackground

In preparation for astronomical imaging, a series of imagesof a
sceneweretaken as the scenebrightnesswassuccessively reduced by factors

of i0. The imaging was performed in a darkened roomat 1.65 _m_so there

is essentially no photon background. As can be seen from fig. 4, there

is no noticeable degradation in the images when going from 22 msec exposure

(NF=I) to ii sec exposure (NF=500). Further, the infrared images faithfully

reproduce the mask which was being imaged (the arrow star cluster).

5. Dark Current, Detector Resistance

These parameters are quite important as the ultimate detector sensitivity

is limited by detector resistance and the ultimate CCD sensitivity is limited

by dark current. They are also somewhat related as for a given bias setting

(i.e. VIN) necessary to have the working detectors in their working range

(i.e. actual bias across the detector _0), the dark current will be given

by I = AV/R where _V is the typical back-bias (_5-15 mv) and R is the

detector resistance. We have found that dark current increases and detector

resistance decreases approximately a factor of 2 for every2-_ ° K increase in

detector temperature. The minimum stable temperature we can achieve with

our pumped LN 2 system is 60°K. At this temperature, looking at the cold-

dark slide, a typical detector resistance of i012_ and dark current of 0.01 pA

is achieved. A display of the dark current for the whole array is given in

fig. 5.

6. Detector Uniformity

Using the optical setup shown in fig.2, we can determine the pixel to

pixel sensitivity uniformity by pointing the dewar at a uniform temperature,

black surface. The output of our array is given in fig. 6, it can be seen

that for the working detectors (_924), the sensitivity uniformity is quite

good with pixel-pixel variation <±10% from the average. In addition from

fig. 5 it can be seen that aside from a blemish in the upper-left corner,

the dark current uniformity is also quite good.

7. Charge-injection Efficiency

One criticism of the direct-injection scheme in infrared CCD's has been

the possibility of charge injection inefficiency at low backgrounds. In

practice we have found that with our device, there is always sufficient dark

current to assure good charge injection efficiency at our typical operating
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bias voltage. This can be seen from the following:
efficiency is given by (Steckl, 1975)

gmRd
_inj = gmRd+i

the charge injection

where Rd is the detector resistance while gm= eId/kT (Ando, 1978) is the
transconductance of the input Mosfet (I d = detector current). For good

charge injection efficiency (_n'& _ 0.67) we require gmRd_ 2 and at T = 60°K,

this corresponds to IdR d _> 10-Zv J. Now in the worst case of photo-signal <<

dark current, I d will be dark current and this implies _V _ i0 mV for the

actual back-bias across each detector. This is the typical back-bias we

use when operating and we acheive quite reasonable low-background photometry

(see next section, M82 imaging).

8. Read-out Noise

We have measured the read-out noise of the CCD under a variety of back-

ground conditions and on-chip integration times. Our technique is to use

our software pixel-picking program to gather sequential samples from one or

more detectors. Then the data is analyzed for the average signal and the

root-mean-square (RMS) noise. In addition we have performed discrete FFT

analysis on some data to investigate the frequency characteristics of the noise.

a. Short Integration Time

In the laboratory, the high thermal signal with our 3.8_ and 4.7_ filters

limits us to about 22 msec integration time (i.e. NF=i). We find that under

these C0nditions, the RMS read-out-noise is comparable to but somewhat higher

than the /N, shot-noise,limit(whereN is the numberofsignalelectrons). However as

the background is reduced, the noise remains constant, and then at a fairly

low threshold begins to diminish approximately as /background. This behavior

is illustrated in fig. 7, which is a superposition of two runs made at 4.7_.

It can be seen that RMS noise = 1.5/N near full buckets (4000 counts = 107

electrons) but is considerably higher than this at lower signals. With zero

background (cold-dark slide), the noise is essentially indistinguishable from

our electronic noise floor (_0.55 counts % 1400 noise electrons) and we

conclude the actual electronic read-out-noise of the CCD is less than 1400

electrons RMS. However, because of the noise properties of the CCD described

above, we choose an integration time (i.e. NF) that gives between 1/2 and full

buckets, so that we are operating near the /N limit.
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The reason for the noise being greater than /N appears to be related

to the charge transfer from the detector storage sites into the CCD shift

register (_TI transfer, see fig. i). Looking at the oscilloscope, it can

be seen that in addition to a random noise component, the output of one

whole frame (1024 detectors) jumps up or down occasionaly. By carefully

adjusting the _TI, V1 and VST voltage levels, we have managed to minimize

this "clocking" noise, as shown in fig. 8 . We know the "clocking" noise

involves the _TI transfer because it entirely disappears with the same

amount of slow-mux fat-zero signal. Alan Hoffman of SBRC has suggested

that improved _TI transfer can be obtained with a different clocking scheme

than we currently use. At SBRC they have found that "push" clocking,

whereby when _TI is held low, VST is sent high to push the charge out,

gives more complete and reliable charge transfer. This technique could be

implemented in a next generation clock; for the present we feel the penalty

of 1.5 times the /N noise is acceptable and prefer to concentrate on

improvements in other areas of our system.

Investigations of the spectral frequency of the noise in collaboration

with R. W. Boyd and M. Dimmler of the Institute of Optics have not been

especially helpful as yet. There doesn't appear to be any one frequency

band which dominatesthe noise. As an example, we analyzed several runs

where 2 detectors were sampled 512 times each during an 11.3 sec period.

The data was split up into 8 sets of 64 consecutive samples. In order to

investigate any correlated noise, such as the "clocking" noise described

above, we looked at the noise in the sum and the difference of the two

signals. The difference should eliminate any correlated noise, here the

frequency spectrum looked flat (white noise) for f = 0.7 to 23Hz. The sum

should accentuate any correlated noise, here the noise appeared to increase

with frequency (blue noise) for f = 0.7 - 23 Hz. This information may

contain a clue to the source of "clocking" noise but more work is necessary.

b. Long Integration Time

Long integration times can provide the highest detector sensitivity so

the noise here is quite important. Our technique is to insert the cold-dark

slide and increase NF until the buckets are nearly full and then proceed as

shove. Typically we chose to look at one complete row from the detector and

take 32 consecutive samples for noise analysis. If NF z 1000 giving 22 sec.

integration, one run takes 12 minutes. A typical series is shown in fig.9
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for 2 detectors in row 20. This series was taken as the detector was

cooling down. What is seen is a large drift in dark-current with time.

Superimposed on this steady drift is a relatively small random noise

component. Since our dewar has no active temperature control, the detector

temperature is never completely stable. Then, because dark current approxi-

mately doubles for every 2°K temperature, a small temperature change results

in a large change in signal. These large temperature induced dark current

drifts can easily mask the true random component of noise. Therefore, an

alternate method for determining the RMS detector noise was adopted. For

white noise, the RMS noise in two samples will be _/_)-i times the RMS noise

in many samples. Therefore the RMS noise in succesive pairs of samples was

computed for all detectors in row 20 of the CCD. This was repeated for 6

pairs to assure a representative sample. The average was computed and

multiplied by /2. The result for a typical run using At = 44 sec integration

time was: the dark current gave N = 5 x 106 electrons per charge dump while

the RMS noise = 3900 electrons on average. Thus RMS noise = 1.7 /N, quite

similar to the performance with At = 22 msec above.

In summary, the read-out noise AN is about 1.6 /N RMS electrons when

the CCD is operated near full bucket capacity (AN -_ 3900 electrons for

N % 5 - 8 x 106 electrons). With empty buckets, the read-out-noise has

not been detected and we conclude AN < 1400 electrons. Bewteen these

limits, the read-out-noise is as shown in fig. 7 . We believe the excess

read-out-noise is mainly caused by imperfect charge transfer from the

detector storage sites to the CCD shift registers. Since it appears that

this excess noise is correlated between all 1024 detectors, this will only

result in a shift of the whole image up or down, an effect which can be

calibrated out. Alternately, the new push-clocking scheme may eliminate

this source of noise.

9. NEP

For a detector with a quantum efficiency _ and an RMS noise of AN in an

integration time t, the detector NEP will be given by

/2 AN h_)
NEP =

where hv is the photon energy. Using our measured quantum efficiency at
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3.8_m, read-out noise AN, and using t z 22 msecappropriate for high-back-
ground operatio1%the NEP= 4 x 10-15 W/H_z,which is about a factor of 2

above the bl_p limit. At low background, we are limited by dark current

rather than background photons. For an integration time of 44 sec, which

is the longest time for which we have an extensive set of noise data, the

NEP = 9 x 10 -17 W/H/_z at 3.8_m. It is anticipated that if the detector

temperature could be reduced to 53°K or lower, an integration time of i000

sec would be possible and NEP = 2 x 10 -17 W/H/_z at 3.8_m achieved. Further,

if the new clocking technique mentioned above proves successful in reducing

read-out noise at small signal levels, these NEPs could be achieved with

shorter time integration.

IV. Astronomical Ima_in_

Our techniques of astronomical imaging and image processing are described

below, as well as a sample of the images produced to date.

A. Observing Technique

i. Flat-field

Using the optics shown in fig.2 in the lab, we find that the pixel to

pixel sensitivity is quite uniform, varying by ~±5% over the whole array.

When this dewar is mounted on the f/13.5 C. E. K. Mees 24" telescope, however,

there is severe vignetting at the edges of the field of view, resulting in

about a factor of 2 loss of signal at the extremes. Therefore we must correct

each image frame for the unflat field. To do this we have observed the Moon,

which is the only available reasonably flat source. From our investigations

of the Moon described below, we recognize that much of the Moon is not flat

(i.e. craters, highlands, terminator, limb). However we find that the center

of a large mare near the subsolar point close to the full Moon is reasonably

flat appearing. We de-focus the telescope and take images at 1.65_, 2.2_

and 4.7_, where our detectors are not saturated. Then we take the sum of

all the reasonably flat-looking frames to be used as a flat field. All the

images shown here have been divided by this flat field and multiplied by a

constant. Investigations involving imaging objects at various positions on

the CCD have shown this technique to be accurate approximately to the ±10% level.

2. Standard Star Calibration

In order to calibrate the flux levels of the scenes imaged, we typically

observe relatively bright standard stars through the night. We have used the

stars _Boo, 8Gem, eLyr, _Leo, 8Leo, _Peg and 8Peg for this purpose during
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March-May1983. At each wavele_g_;,, th_ ._t_r wi]J b_ im._gedoz,various
positions on the CCD. By subtracting twoof the images, a positive and

negative star image is produced with no T,eedfor a separate background
frame. The fields are flattened as described above and all pixels which

have signal are summedto give the total star signal. From the knownstar
brightness a calibration quantity CFZM (counts for zero magnitude) is

calculated; a table of these calibration values found in March 83 is given

below (Table 2), appropriate for 1 air mass observations and 22 msec

integration time. Also given is the flux density ( Jy = 10 -26 W/m2Hz) per

count and the calculated efficiency of the telescope plus atmosphere. For

the latter quantity, the quantum efficiency at 1.65_m and 2.2_m was assumed

to be 0.61 as it is at 3.8_m. The quite high resulting efficiencies, using

a telescope with mirrors in need of recoating, at an altitude of only 2200 ft,

indicate good quantum efficiencies are maintained down to at least 1.65_m.

3. Astronomical Objects

a. On-chip integration

For each object observed at each wavelength, a decision must be made

as to the on-chip integration time. Because of read-out noise considerations,

the optimum integration time for best signal-to-noise is the longest time

possible, consistent with not over-filling the charge buckets. The buckets

may be filled by signal from the source, by thermal background photons (at

3.8 and 4.7Dm) or by dark current (at 1.65 and 2.2_m). In addition with II

sec integration, we have detected a small background signal at 1.65_m

(probably OH air glow) and 2.2_m (probably thermal background, larger in the

summer). The integration times we have used range from 22 msec (NF=I) to

22 sec (NF=I000).

The maximum sensitivity for low background observing (1.65_m and 2.2_m)

is limited by the thermal dark current. Our procedure is to pump the LN 2

solid in the dewar and £hen invert the dewar and attach it to the telescope

offset guider. Under these conditions, the detector temperature steadily

increases with time, even though we have installed Chore Boy copper wool in

the cryogen space which is heat sunk to the copper work surface. A typical

example of the dark current v__{stime is given in fig.10. Because of this

property, the maximum integration time we have been able to use when observing

is 22 sec. For the most part, in fact, ii sec integration is used in practice

(i.e. M82, following section). With a dewar properly temperature stabilized

to, say, 53°K, i000 sec time integrations could be used, decreasing our NEP
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by a factor of Jl000/ll - i0.

For the 3.8_m and 4.7_m filters, our sensitvity is limited by the

high thermal background. Since our dewar has an f/8 field stop (to

minimize vignetting) but the telescope is f/13.5, the thermal background

is 2.8 times higher than it need be and the NEP is degraded by a factor

of 1.7. Better performance at these wavelengths (as well as 1,65 and

2.2_m) could be achieved if proper re-imaging optics were employed. The

task is not simple as one must assure that the resulting images are not

degraded over the while CCD area from 1 to 5_m wavelength. A design for

a doublet lens which accomplishes this task is given in fig. ll; it was

designed by Dr'. Rudolph Kingslake of the Institute of Optics at the

University of Rochester. We are planning on having the lens built by

Infrared Industries Inc. and will use this lens in place of the dewar

window. This lens design has the further advantages of being transparent

in the visible for ease of alignment and non-hygroscopic. The Lyot stop

will be cold and precisely aligned on the image of the telescope secondary,

giving low thermal backgrounds and much flatter fields.

b. Off Chip Integration, Sensitivity

For increased signal-to-noise, successive charge-dumps may be co-added

in real time in computer memory. Because of drifts in the thermal back-

ground, we have limited the total integration time to about i0 sec for

3.8_m and 4.7_a_ giving a sensitivity of _ 8 mag/pixel (e.g. Jupiter,Saturn).

Because of drifts in the dark current, we limit the total

integration time to about 1-2 min. at 1.65 and 2.2_m, adequate to reveal

emission at the 13 mag/pixel level (e.g. M82).

c. Background Subtraction

The total signal we observe may be divided as follows:

Signal = offset + background + dark current + object

The offset is an electrical offset which is easily dealt with. However

the signal due to the object of interest is often much less than the background

+ dark current signal. Therefore our procedure is to take scans in the

sequence blank sky - object - object - blank sky - etc. The signals observed

looking at blank sky near the object are later used to subtract the offsets

from the signal of interest.

d. Nyquist Sampling

Each of our detectors image to 2.5 _ square on the sky. Since this is

larger than the diffraction and typical seeing limit, we must sample each
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scene with pixels movedby 1/2 the pixel spacing on the object. Therefore

a minimumof 4 scans should be acquired (i.e. (0,0), (0,1/2), (1/2,0),

(1/2,1/2)) to satisfy the Nyquist criterion. We currently achieve this in a

somewhat haphazard manner, by,king many scans _d determining the _fsets after

the fact. We would like to eventually automate this process, which requires

us to step accurately at least to 0.05 mm or 1.25 _. _.....

B. Image Processing

In light of the above and other considerations, our procedure in image

processing consists of:

i. Linearization

The output of the CCD is not precisely linear with input signal. We

have calibrated this and find that as the signal nears full buckets, the

gain decreases slightly. The maximum effect at full buckets is 14%. The

first step is to linearize the raw signal counts by a factor of 1.0 to 1.14

depending on signal magnitude. The major effect of this step is to improve

our calibration accuracy and linearity.

2. Background Subtraction

This is most important as often the signal of interest is much smaller

than the drifting background signal (see above). We find that by taking a

linear combination of the blank-sky frames just before and after an object

frame, good subtraction may be obtained over the whole CCD. The most

troublesome case of background interference is in the thermal infrared

(3.8 and 4.7_m). There we often see drifts which give large gradients across

the CCD (see Saturn image at 3.8_m in following section); evidently the

thermal background is not adequately stable over the _ 40 sec observing period.

We anticipate that higher frequency chopping, with the necessary subtraction

being performed in computer memory, would give much improved thermal back-

ground subtraction.

3. Replace Bad Pixels

There are 97 pixels dead to the infrared and a handful of others with

either high dark current, excess noise, or both, on our best CCD. To

determine the signal at these positions on the object we are imaging, we

use other images with the object shifted on the CCD. Since we must take a

minimum of 4 frames to satisfy the Nyquist Sampling Theorem (see above), we

choose to space these frames such that bad pixels are "covered" by other

frames. In a typical sequence of 4-6 frames, 60-90 of the_104 bad pixels

can be replaced in this manner.
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4. Fix Remaining Pixels

The bad pixels remaining after 3 above are then "fixed" by linearly

extrapolating the signal from adjacent qood pixels. Special care must be

exercised at this stage because it is possible that important parts of the

object being imaged can be hidden by bad pixels.

5. Shift and Add

Now the individual scans may be combined to form the best possible

image of the object in question. First we must determine the offsets of

the various scans from each other. One scan is designated the master frame,

placed nicely in the CCD window. The offsets of the other scans are deter-

mined after the fact by shifting and subtracting. A computer routine has

been developed which allows a scan to be shifted in increments of 0.i pixel;

the brightness at a given point is derived by linearily interpolating from

the four nearest neighbor pixels. That shifted scan is subtracted from the

master frame. The shift parameters (i.e. right-left and up-down) are varied

to give the best appearing subtraction. On individual frames with high

signal to noise (i.e. Jupiter and Saturn at 1.65_Im), it is relatively easy

to determine the amount of shift to 0.2 pixel (0.02 mm or 0.5_. On frames

with relatively low signal to noise (i.e. Saturn at 3.8_m), the method is

less precise (perhaps 0.5 pixels). Eventually, if image positioning to 0.2

pixels can be achieved at the telescope, we could determine these shifts

before the fact and use this knowledge to combine many frames, even if no

signal is obvious on any one of them.

Next, in order to improve the image appearance and retain the most

possible spatial information (i.e. Nyquist sampling) the master frame is

expanded from 32x32 elements to 63x63 elements, using the same linear

extrapolation routine described above. This procedure smooths out the

sharp edges which can occur with square pixels. Finally, the remaining,

slave, frames are expanded to 63x63, shifted, and added to the master frame.

Numerical simulations with point sources and sharp edges show that these

techniques should recover most of the spatial information in a given scene,

up to the resolution limit of 1 pixel or 2.5 _ square.

6. Flux Calibration

By reference to measurements of standard stars, such as those summarized

in Table 2, the resulting images may be calibrated for absolute surface

brightness (mag/pixel, Jy/pixel, W/cm%m staD etc.). We have found significant
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variations in the signal from a given star with air mass (reduced signals

at large air mass) and season (reduced signal at 1.65_m and 2.2_nn in May

83 compared to March 83). Therefore it is important to measure a calibration

star close in time and air mass to the object of interest. Further, even if

clouds are present it is possible to get quite sharp and clear images at

1.65 and 2.2_m, however it is nearly impossible to calibrate those images

to absolute surface brightness.

C. Astronomical Images

i. The Moon

For our first efforts at astronomical imaging we mounted our 50 Ib CCD

dewar on a 12" Tinsley telescope on the U. of R. campus. Extreme telescope

flexure (up to 8'_) limited the effectiveness of this attempt and useful

data was only obtained on bright calibration stars and the Moon. However,

the Moon proved to be a quite interesting object in the near-infrared and

we present some of that data here. The most extensive data on the Moon

were acquired on the 27-28 January, 1983 when the Moon was just short of

full phase. On this telescope the full field of view of the CCD is 2.3 c

square and each pixel subtends 4.2" square. Afterreconnoitering most of

the surface of the Moon at various wavelengths using the real-time display,

we selected three regions for observation: the craters Grimaldi and

Rici01ii near the eastern limb, the region surrounding the crater Plato and

an edge of Mare Chrisium. Data was collected in 22 msec snap-shots, which

effectively freezes any image motion due to seeing or telescope jitter.

The data was processed as described above, a portion of that data is

presented below.
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a. Plato

The infrared images at 1.65_mand 4.7_mof the vicinity of the crater

Plato are shownin fig. 12. For comparison, we present a visible photograph

of the sameregion, enlarged to approximately the samescale as the CCD
images. On the visible image can be seen Plato's extraordinarily dark floor

and the surrounding brighter highland regions. Several bright mountains
are visible in the mare to Plato's south.

At 1.65_m, the light from the Moonis primarily reflected sunlight,

as it is in the visible. Comparison of the 1.65_m image with the visible

image reveals an overall similarity of the two, with all the visible

features mentioned above present in the 1.65_m image. We conclude that,

in general, for the lunar material in this region, the 1.65_m reflectivity

is closely related to the visible reflectivity. Some differences in detail

exist between the two images. For instance note that the bright rim

surrounding the crater appears considerably broader in the 1.65_m image.

This could be due to ejecta from the crater which is relatively bright at

1.65_m, but not noticeable in the visible.

At 4.7_m, light from the Moon is primarily thermal radiation. Thus

images at this wavelength may be interpreted as a thermal map of the

surface layer, with hotter regions radiating more. In contrast to the

1.65_m image, the crater floor appears bright at 4.7_m; evidently the

visibly dark material there is absorbing relatively more sunlight and

consequently is heated to a higher temperature. Other structure is

apparent in the thermal image which we don't entirely understand at present.

The relatively reduced contrast apparent in the thermal image compared to,

say, the 1.65_m image is understandable in that the albedo of lunar material

is generally low. A change in albedo from say 0.05 to 0.i0 would double the

amount of reflected light but decrease the absorbed light only 5% (from 0.95

to 0.90).

Another example of lunar imagery is given in figure 13, which shows the

craters Grimaldi and Riccioli near the eastern limb of the Moon. The

lunar terminator was near this position during our observation so there is

a strong gradient of illumination from west to east on these images. Again,

the correspondence between the visual image, reproduced from a photo taken

at almost the same phase, and the 1.65_m image is very good. The 4.7_m
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thermal image showsa strong limb darkening effect, probably due primarily
to the gradient of insolation mentioned above. Only just perceptible in
this reproduction is the slightly hotter floor of Grimaldi, near frame

center. Enhancedemission from the dark maria to the northwest is also
evident.

2. Jupiter

Jupiter was observed once on 26 March 83 UT and once on 25 May
83 UT using the C. E. K. Mees 0.6m telescope giving 2.5" pixels and a 80"

field of view. Pertinent data for these observations and the calibration

information for the May 83 data are given in table 3. The March 83 data

are not as well calibrated but showed similar flux levels. Grey scale

displays of the resulting processed images are shown in figures 14 and 15.

The calibration of table 3 gives the maximum flux observed on the disk of

Jupiter, for the images shown with linear scaling, the flux is linearly

proportional to the image density (i.e. number of dots per pixel). These

images are best viewed by de-focusing the eyes slightly, so that individ-

ual dots are seen as a blur.

The near infrared images of Jupiter are seen to be quite different

than the visual appearance. This is primarily because of the strong

molecular absorptions at these wavelengths. At 1.65_m and especially

4.7_m, there is relatively little molecular absorption while at 2.2_m and

3.8_m the CH4, H2, and NH 3 molecular vibration rotation bands are very

strong. The 1.65_m images (figures 14 and 15) are most like the visible

appearance, i.e. the whole disk is visible. Upon closer inspection, it

is evident that there is strong limb-darkening at this wavelength and a

somewhat asymetric appearance (see the linear representation of figure 15).

In March 83, the satellite Callisto was caught as it slowly moved by the

planet (figure 14).

At 3.8_m and 2.2_m Jupiter is quite dim (maximum albedo _ 0.01, table

3) because of molecular absorption. Referring to the 2.2_m image of

figure 14, it is seen that much of the disk is even dimmer than this. We

believe that the areas which reflect at 2.2_m are regions where there are

high clouds in the Jupiter atmosphere, so that solar radiation doesn't

have to penetrate as far before reflection. Referring again to figure 14,

it is seen that high clouds were present just north of the equator and

near the south pole of Jupiter. The May 83 2.2_m image was similar to
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this. The 3.8_m radiation should also represent sunlight reflected from

high clouds. Therefore it is interesting to note the difference in the

appearance here (figure 15) compared to the 2.2_m image. A bright area

north of the equator is present but the detailed shape is different.

Also, the bright southern polar cap is not evident. These differences

in appearance could be due to a differing cloud reflectively at the two

wavelengths and may provide a clue to the composition of the high clouds.

Two examples of the 4.7_m appearance of Jupiter are shown in figures

14 and 15. The most striking feature of these images are the two

extremely bright bands running north and south of the equator. The band

emission is more than can be explained by reflected sunlight (albedo=2.6),

so it must result from thermal emission. The high brightness temperature

we observe, 240°K, must come from a deep level in the Jupiter atmosphere.

Similar images of Jupiter have been obtained before (Keay et al. 1973,

Westphal et al. 1974). Because the 4.7_m region is a very clear window

in the Jupiter atmosphere, one may see to deep hot layers through breaks

in the cloud cover. Evidentlysuch clear areas are concentrated in the

bright regions seen here. Of interest in the March 83 image is the

relatively cooler area on the southern edge of the southern bright band

near the center of the disk. This is just the position occupied by the

Great Red Spot at this time. A relatively cooler region near the GRS

has been seen at times before. Interestingly, in the 2.2_m image on that

date this region appears brighter, indicating a high cloud deck hovering

over the Great Red Spot.

3. Saturn

Images of Saturn at 1.65, 2.2 and 3.8_m were obtained on 25 May 83

using the C. E. K. Mees 0.6m telescope. Grey-scale displays of these

images are given in figure 16 and the calibration data is given in Table 4.

The 1.65_m and 2.2_m images dramatically illustrate the effect of

molecular absorption on the planetary appearance. At 1.65_m, in an

atmospheric window, the disk and ring of Saturn appear similar to visible

images. However at 2.2_m strong H 2 and CH 4 absorption dim the disk, while

the rings, which have no methane atmosphere, remain bright. One is

presented with a partial ring system orbiting around the nearly invisible

planet.

At 3.8_un, the disk is dim (albedo=0.02) becagse of CH 4 absorption,
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but the rings are also dim (albedo=0.05) becauseof the low reflectivity

of water ice in this band. The net appearance is somewherebetween the
1.65_mand 2.2_m images. Somestructure is evident in the ring, but we

have no explanation for it at present. At 3.8_m, Saturn is quite dim
with the maximumbrightness of +5.8mag/pixel on the rings and a minimum

level of about +8.2mag/pixel discernable. The gradiant in signal across

the whole CCD fram (80 _ wide) results from incompletely subtracted back-

ground emission. We find that during the _i0 sec between our background

frame and signal frame, the background emission, which is 6000 times as

bright as Saturn, drifts in an unpredictable manner. A similar but less

pronounced gradient is seen in the Jupiter 3.8_m image (figure 15). This

demonstrates the necessity for faster beam switching (i.e. chopping) in

the high-background thermal infrared for best sensitivity.

4. M82

The active galaxy M82 was observed on three nights in March 83 using

the C. E. K. Mees 0.6m telescope. The pixel size was 2.5 Q square and the

total field of view 80 _ square. The resulting 1.65_m and 2.2_m images are

shown in figures 17 - 2__22. At each wavelength a low and high contrast grey

scale image and a contour plot is shown. M82 is not a bright source; in

order to detect it an on-chip integration time of 11-22 sec was employed.

The lowest contours shown represent a brightness of about 13mag/pixel.

For this brightness, the dark current signal is about 400 times larger

than the signal from M82. The good quality of these images demonstrate

our success at subtracting the drifting dark current background using the

techniques described earlier. As shown in figures 9 and i0, over short

time periods the dark cyrrent drift is approximately linear and correlated

from pixel to pixel. Therefore our linear interpolation technique can,

with care, subtract it.

The images of M82 are quite interesting and show structure in this

galaxy not heretofore revealed. First, the 2.2_m image is dominated by

the very bright central core (%10 _ x 20'_), superimposed on the galactic

disk stretching right across the detector. Rieke et al. (1980) have

obtained a similar map of the core region but did not detect the disk

emission, probably because of their small, 15 _ chopper throw. They showed

that the brightest spot here was coincident with the dynamical center of
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the galaxy and offset about 3" southwest from the brightest optical spot.

Those authors argued that the near infrared emission emanated from cool

giant stars remaining from a previous epoch of star burst activity. An

interesting feature of this portion of our image, which wasn't apparent

in the Rieke et al. data, is the extension of the lower contours to the

southwest. The extension is also seen in the 1.65_m image. This in the

region of most intensecurrent star-formation activity, as evidenced by

intense non-thermal radio signals and large 10_m luminosity. Perhaps

a concurrent new generation of cool giant stars is forming in this

region. The 1.65_m image (figures 17 - 19) of M82 is similar to the 2.2_m

image in the core region. One difference is the double peak at the very

peak level, seen as a peanut or bone shape in the contour plot (figure 19).

By lining up the 1.65_m and 2.2_m images at the outer contours, it is

seen that the western 1.65_m peak corresponds to the 2.2_m peak position,

which is the galaxy center. That puts the eastern peak right at the

brightest optical position mentioned earlier. The varying appearance of

M82 at these wavelengths is probably due to varying extinction and

reddening, with more extinction at the 2.2_m peak (galaxy center).

Moving outside the core region, we see that in both the 1.65_m and

2.2_m images, there are two bright patches symmetrically placed on each

side of the nucleus. We are not aware of this structure being seen before.

Images of this galaxy at shorter wavelengths show a quite irregular and

chaotic appearance, partly due to patchy extinction. At 2.2_m, the

extinction is about a factor Of 15 less than in the visible giving much

clearer picture of the distribution of luminous matter. The emission at

these wavelengths probably comes from cool giant stars. One possible

explanation for the symmetric structures seen is a ring or partial disk of

stars seen nearly edge on. The stars could be evidence for additional star-

formation activity in a ring surrounding the nucleus. The radius of the

ring would be about 25 W or 400pc. It would be interesting to see if there

is any evidence for star-formation in this region at present. Maps of CO

millimeter wave emission or 10-100_m dust emission would be sensitive to

this type of activity.
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h

UNIVERSITYOF ROCHESTERINFRAREDCCD

32 X 32 INSB DETECTORS

EVALUATIOi'_SAMPLESON LOANFROMSBRC

(DR,ALANHOFFMANN)

EVALUATINGTHEIRASTRONOMICALPOTENTIALFOR

SBRCAND NASAAMESRESEARCHCENTER

BUCKETSIZE: 107 ELECTRONS

QUANTUMEFFICIENCY:0,65

FULLBUCKETNOISE: 1,5vqT

CTE: 0,9994

AT T : 60 °K

DARKCURRENT:

DETECTORRESISTANCE:

,Ol PA

1012

FOR ASTRONOMY

IMAGINGPROPERTIES:EXCELLENT

REPEATABILITY:VERYGOOD

LIMITINGMAGNITUDE(K,O,6MTELESCOPE,110 SEC): 12,4MAG/PIXEL

TABLE1: SUMMARYOF Ii_FRAREDARRAYPROPERTIES
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FILTER

H

K

L'

M'

TABLE 2-STELLARCALIBRATIONDATA, MARCH 83

C. E. K. MEES 0.6M TELESCOPE

(_M)

1,65

2,23

3,75

4,67

A_

FW_M

0.32

0.41

0.81

0.18

EFFICIENCY

CFZM JY/COUNT !ELESCOPE &
ATMOSPHERE

1500±100 0,68 0.75

950_ 50 0.65 0.75

390± 15 0.63 0.63

39± 4 4.2 0.58

7
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JUPITER IMAGES

PHYSICAL DATA

PHASE ANGLE (o)

EQUATORIALDIAMETER (")

SYSTEM Ill CENTRAL

LONGITUDE4,67. EXPOSURE(°)

GREAT RED SPOT

SYSTEM Ill LONGITUDE (o)

26 MARCH 83

9,7

40,4

84

,?,97

25 MAY 83

0,4

45,4

319

112

1,65p

2,24p

3.75p

4,67p

MAXIMUM INFRAREDBRIGHTNESS25 MAY 83

INTEGRATIONTIME rIAG/PIXEL ALBEDO

6,6 SEC +2,7 0,26

44 SEC +6,3 0,010

44 SEC +5.7 0,015

26 SEC +0,1 2,6

TB

240°K

TABLE 3

SUMMARY OF JUPITERPHYSICALDATA AND CALIBRATION

OF THE 25 MAY 83 INFRAREDIMAGES.
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SATURNIMAGES25 MAY 83

PHYSICALDATA

1,65_

2.24_

3,75_

EQUATORIALDIAMETERDISK= 18,7"RINGS= 42,0"

PHASEANGLE= 3,5° RINGTILT- +14,9°

MAXIMUMINFRAREDBRIGHTNESS

TOTAL MAG/PIXEL
TIME RINGS

10,5SEC +3.9

10,5SEC +4,0

44 SEC +5'8

ALBEDO
DISK RINGS DISK

+3,5 0,32 0,46

+6,0 O,28 O,04

+6,7 O,05 O,02

TABLE4

SUMMARYOF SATURNPHYSICALDATAAND

CALIBRATIONOF THE INFRAREDIMAGES

d-
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Figure Captions

i,

2.

3.

4.

5.

6.

7.

8.

9.

A schematic diagram showing the layout of the silicon CCD and a typical

input from one of the 32x32 InSb detectors (unit cell).

A schematic showing the placement of the CCD and optical elements in

the LN 2 dewar. The 1/4" diameter CaF 2 lens is used for laboratory

imaging and removed when mounting on a telescope.

Images of human beings at 3.8_m obtained with 22 msec exposures in the

lab.

Images at 1.65_ of an artificial star field set at high and lowintensity. Tne

high signalimage (upper) is from one 22 msec exposure. The low signal image

is the sum of 8 ii sec exposures and is about 400 times dimmer. Also

included is a copy of the mask used to generate the star field. On the

low signal image, one star in the upper left has been lost due to high

dark current there.

A grey _cale rendition of the dark current across the whole CCD. The

chip temperature was 62°K and the integration time 44 sec. The white

cells are from saturated pixels. For most of the pixels the buckets

are about 1/3 '-2/3 full.

Grey-scale rendition of a 4.7_m flat-field obtained in the laboratory.

The cold-dark signal has been subtracted and the 97 black squares are

dead pixels. The pixel to pixel uniformity of the working detectors is

quite good.

The RMS noise as a function of background signal at 4.7_m for a 22 msec

integration time. The error bar represents the expected statistical

uncertainty in individual measurements. One count represents about 2300

electrons and full buckets give about 4000 counts. Solid lines repre-

senting the minimum noise of our electronics ("noise floor") and the

shot noise limit (=/N) are shown.

An example of good(upper)and bad,levels of the "clocking"noise described in

the text. 32 samples of 32 detectors in row 20 have been taken, the DC

level subtracted, and the remaining noise fluctua'tions_ displayed in

grey-scale with time increasing downward. The horizontal bands seen

across all 32 detectors are due to "clocking" noise (correlated jumping

of the whole CCD output).

Measurements of dark current in two pixels vs time in the lab as the CCD
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cooled down. The integration time was 22 sec and full buckets approxi-

mately 4000 counts.

i0. Measurements of the dark current in two pixels vs time with the dewar

mounted upside down on the C. E. K. Mees telescope and M82 being

observed. The integration time was ii sec.

ii. A l-5_m i_i re-imaging doublet designed by Dr. Rudolph Kingslake. All

aberrations are kept to <.05 mm over the whole CCD. The placement o_

a cold Lyot stop is indicated.

12. Infrared images of the lunar crater Plato compared to a visible image.

The contrast has been enhanced to better show the detail in the infrared

images.

13. Infrared images of the lunar craters Grimaldi and Riccioli compared to

a visible image.

14. Images of Jupiter at 1.65_m, 2.2_m and 4.7_m on 26 March 83 UT. For

the 1.65_m the grey-scaling is logarithmic, the rest are linear,

15. Images of Jupiter at 1.65_m, 3.8_m and 4.7_m on 25 May 83 UT. Grey-

scaling is linear.

16. Images of the Saturn system at 1.65_m, 2.2_m, and 3.8_m on 25 May 83 UT.

17-19

The 1.65_m imag e of M82 in March 83. Two different grey'scale _isplays

and one contour interval display are shown. All displays are linear and

the pixel size is 2.5 _.

20-22

The 2.2_m image of M82 in March 83. Two different grey-scale displays

and one contour interval display are shown. All displays are linear

and the pixel size is 2.5 _"

J
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THE LIMITS FOR THE DATA ARE_ MAX= 50 MIN=

THE LIMITS FOR THE DATA AREp MAX- 550 MIN= 0
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MIN= 0

Figure 5
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THE LIMITS FOR THE DATA ARE, MAX= 2700

Figure 6
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32 Samples of detectors 608

THE LIMITS FOR THE DATA ARE, MAX= 8

through 639

MIN= -8

wi th 1 Frames/CD.

3_ Samples of detectors 608

unlmumlll_4 ¢,L • ;, - •

. ?_:¥ r_-, _-_._

..... r

L_L:J_

THE LIMITS FOR THE DATA ARE, MAX= 8

through 639

MIN= -8

with 1 Frames/CD.
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Infrared I:I relay lens

Intended for use behind the Mees Observatory telescope_

o ;n Lyot stop

_! dlameter 2.0ram I

\ I s3. 
Image dia 4.52mm

Materials

Wavelength Neg lens;

strontium titanate

I Index 2.31633

1.4 2_29073

2 2.26801

3 2.23nl

4 2.18375

5 2.12212

Pos lens"

calcium fluoride

I.a2888

1.42672

1.42385

1.41785

1.40963

1.39895

Faraxi al image

distance

55.202 rnnn

54.194

53.810

53.871

._. 201

54.596

Main wavelength assumed to be 3J1-,

Point image everywhere smaller than 0.05mm,

R. Kingslake

June 17, 1983

Figure ii

F
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Plato in

visible light.
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THE LIMITS FOB TH_ DATA ABE,

MAX= 4r)o0 MIN= 2000

THE LIMITS FOR "I"_,,,HEDATA _',

MAX= _I00 MIN= 1700

!

I,
2.3 arcmin.

l
1.6 urn.

4.7.1,_ •

Plato at

. Plato at

Figure 12
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N

•-Grimaldi and

Riccioli in visible light.
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.- 1.6_m

-- 4,7Urn

Figure 13
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Appendix A: CCD Electronics

We include here circuit diagrams of the electronics developed at

the University of Rochester to operate the SBRC 32x32 InSb array. The

circuits are as follows: i. CCD Clock 2. Clocked Drivers

3. DC Suplies 4. Clamp Amp 5. Real Time Display

i. CCD Clock

A stand alone, hard wired, clock was designed and built by Cayuga

Microcomputer Services to our specifications. The clock supplies the

9 clocked TTL levels needed to drive the CCD (see page 7) as well as two

outputs (FRMST and CONY) to coordinate data taking with the computer.

A new RTD pulse has been added for the Real Time Display (not shown here).

All the circuitry f±ts on one 4x5_'_vector board and is wire wrapped to

allow small modifications of clocking waveforms. The master clock can be

internal or supplied externally to give various frame rates. A provision

for external blanking, usually by computer, of the _TI transfer pulse is

provided (_TI _nhibit, page 5).
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2. Clocked DElver|

Driven by the TTL cl_k, each of these supply two adjustable (-13 to

+13 V) voltage levels to • CCD input. Provision is made for an adjustable

RC time constant.
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3. DC Supplies

The 15 DC voltages necessary for running the CCD are supplied by

this circuit.
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4. ClampAmp

In order to eliminate any possibility of output noise due to DC drifts

or the reset level, we "clamp" on the voltage of the reset plateau just

before a charge packet is dumped onto the output amplifier gate. The output

is then the difference between the reset level and the next output pulse,

eliminating DC drift and reset noise. Gain and offset are provided to match

the range of the A/D converter. The clamping scheme is shown on page 2,

during the reset, the MOS switch is closed and the 220 pf capacitor charged

with the difference between the reset level and the voltage reference

(Vre f 2 ) . The switch is then opened and the output is You t = V. - vin reset

+ Vref 2" The 500 _ resistor provides an RC time constant for charging the

capacitor. Based on a design by Alan Hoffman.
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5. Real 'rime Display

In order to have display of the i,magebeing produced by the CCDin
real-time, we have designed and built this circuit. The image appears on

the screen of our Tektronix 2215 oscilloscope. The z axis (intensity) is

driven by the sample-and-held CCD output as shown on page 3. The y axis

is driven by a ramp generator shown on page i. The x axis is swept

internally by the scope, based on the trigger pulse shown on page i. The

RTD and FRMST pulses come from the CCD clock and provide the information

necessary to synchronize the display (one FRMST per frame, one RTD pulse

per bit from the CCD (1024 data bits and 1024 isolation bits). There is

provision for a variable gain and offset as well as a z axis inversion.
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Array Technology in Astronomy at Kitt Peak

National Observatory

A.M. Fowler

_P. Hr_tt

KittPeak National 0bservatoryt_

Tucson, Arizona 85726

!

ABSTRACT

During the past several years work has been done at Kitt Peak
National 0bservatory(KPN0) to utilize InSb detector arrays for
astronomical use. In that time we have studied charge injection

devices(CID) in the greatest detail and are now looking at various
photovoltaic techinques . Linear CID's suffer from a response lag
which is quite serious at low flux levels, while the two dimensional
CID's are limited by their reduced quantum efficiency and high
read noise. Charge integrating photovoltaic arrays(CIPA) appear
to offer some advantages in low background applications but may
suffer from linearity and saturation problems or high read noise
depending on the readout technique used. In this paper we will
discuss the test results obtained on a number of InSb CID's and

the concept and tests we plan to implement on the CIPA's we are
in the process of testing.

July 28. 1983

1-tKittPeak NationalObservatoryisoperatedby the AssociationofUniversdtiesforResearch
inAstronomy,Inc.under contractwiththeNationalScienceFoundation:
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InSb Array Technology in Astronomy at Kitt Peak

National Observatory

A.M. Fo_l_r
J.P. BrUit

Kitt Peak NatiOnal 0bservatorytt
Tucson, Arizona 85726

I. Introduction

Work on InSb arrays started at Kitt Peak National Observatory(KPNO) in

1977. The reason for this work was £o[oca_e a suitable array for the I to 5 #u,m

cryogenically cooled spectrometer under current development. Since that time

the spectrome%er, shown in Figure_f, has been comp!ete d, but there is stilla

need for a I/[gI_performance array, we have done some work usirlg £he_E linear

]nSb array but it has been primarily engineering in nature . We plan to begin

astronomical observations Wl_6h %hls instrument finthee t6 5 ]zm band later this

year using the _ array. In additi0n projects for photometers have not been

pursued for_lack of arrays to put in them at this time. We have reason to believe

that this sitha_lon W]_I be ehangln-gTn-_-he near fLiture.

During £15a_ _meour major emphasis has been 0-n CID's made by General

Electric. We have _iscovered £Ha% _ arrays can be made to operate success-

fully at LHe [emp4/'-atures where dark-6hrrent can he reduced to-acceptable

levels for long integrations. Unfortunately at these temperatures these arrays

exhibit-a-respo-rise lag Which i[_s%]_e{r performance inlow background situa-

tions. This limitation on background has been the stumbling block which has

prevented their more wide spread use at KPNO. For this reason we have devoted

considerable thnle to testing newer materials supplied by G.E. to determine the

performance at low background. To date all material tested exhibits a serious

response lag at low background and is not very useful for astronomy under

those conditions. Recent test results suggest a method of operation which may

alleviate this problem_

Recently we have been looking at some other approaches which appear to

offer some advantages at low background. One is the multiplexed array concept

which is being produced by Cincinnati Electronics. It uses a silicon scanner to

multiplex the InSb diode array to a single output amplifier and signal process-

ing chain. Another technique also involves integrating charge on the reverse

biased photovoltaic detector, but each detector is connected to its own

preamplifier. This approach, although more complicated in implementation,

should be much better for low background use. In the case of the Cincinnati

Electronics array we have purchased one of evaluation, and in the other case

we have fabricated a test system, to determine whether the approach is worth
the extra complication.

P=

11'Kitt Peak National Observatory is operjated by the Association of Universities for Research
in Astronomy, Inc. under contract with the National Science Foundation.
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2. InSb CID's at LHe Temperatures

The decision to operate the InSb CID's at < 15°K was based on dark current

considerations. At this temperature the dark current is reduced to a level

where it cannot be separated from the background in the dewar. This made it

possible to integrate up to 80 seconds before the full well capacity was reached.

This required that the devices be operated with a read or injection voltage
below that which causes breakdown or tunneling currents to be generated. This

mechanism is discussed in detail by $ost and others 1'2 and will not be covered

here.

Another problem associated with operation at < 15°K which will be covered

here is the operation of the silicon scanner. This scanner is a two-phase, non-
overlapping clock, dynamic shift register whose output controls the M0S output

switches as shown in Figure 2. At very low temperatures all the even or odd

numbered switches momentarily( < lOOns ) turn on during the clock transitions

period s. A successful technique has been devised to work around this problem
and at the same time eliminate the charge splitting problem caused by the

capacitance of the output enable line. By using a charge amplifier to read out
the device we can hold the enable line at the deep depletion or integration level

during the switching period when we are selecting a newdetector by keeping

switch SW1 closed during this time period. Once the detector is selected we float
the enable line and sample on the output level 'e '. Next we inject the stored

charge by pulsing the enable line to the read o_ inject voltage level, which

results in the injeoted charge being represented by charge on the feedback

capacitor C_. This results in a change in the voltage 'e ' which is again sampled,
o " " tand the difference is the measured charge. The same problem exists In he

operation of the area array, and it can be solved in a similar fashion.

The quantum efficiency for the linear and area arrays is shown in Table 1.
"The results of our measurements are consistent with those obtained by G.E.

with the exception of the fall off at 4.7 /_m, which is a consequence of our

operation at <15°K. This reduction with temperature is expected and is con-
sistent with other measurements made at Kitt Peak on InSb detectors 4

Table 1

Linear Array

A Quantum Responsivity

Microns Efficiency A/W

2.2

3.6

4.7

BO%

Bl_

25%

1.4

1.8

0.9

Area Array

A Quantum Responsivity

Microns Efficiency A/W

2.2

2.5

4.7

14%

14%

5_

0.25

0.4

0.2

Noise in the linear array can be reduced to <200 electrons, and we have
measured <300 electrons consistently in our lab set-up. In the case of the
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area array the noise problem is more severe and willget much worse as the

array size increases. This problem is due to the large enable line capacitance

caused by connecting an entire column of detectors to itat one time and the

increased bandwidth necessitated by the faster readout speed. In addition the
smaller well size willmake it difficultto achieve quantum noise limited perfor-

lance.

The linearity of any device used for astronomy is very important. In the

case of the linear array the device exhibits some peculiar problems but they

appear to be repeatable, which makes itpossible to correct any observational

data. The large signal response as a function of integration time is shown in

Figure 3. Itexhibits a very definite sub-linear characteristic and the best curve

fitis a power law fit.
A more important test for ground based astronomy is the effectof background

signal on the small signal response. This is a test which we refer to as the
differentiallinearity test and represents actual conditions when observing in

the 3 to 5 _m band. The results of tha_ teet (shown in Figure 4)show a very
definite fall-offin gain as a function of background. This effect as well as the

large signal sub-linear response are probably caused by the change in the width

of the deep depletion region as a function of collected charge in the well. We

have been able to model this effectby taking into account the change in quan-
tity of absorbed flux as a function of the deep depletion width 3.Figure 4 is a

plot of the differential linearity measured and compared with the results

predicted by our model. Again this effect, like the large signal linearity, is
repeatable and can be calibrated for in data reduction.

As previously mentioned, the major drawback to these arrays is their

response lag under low background conditions. This is the area in which we are
doing the too_stwork. It is an effect which was not seen in the area array we

tested, although it may have existed but could not determined due to the

excess holes In the system with which we were worklng/we stilldo not know
whether the difference between the linear and area arrays isdue to design or to

material differences, but we strongly suspect design d!fferences as the reason.

Possible causes of the response lag are thought to be due either to traps

around the periphery of the gate where the inversion region ends or to the col-

lected charge not recombining when injected due to the low operating tempera-
ture. So far the only thing which influences the response lag is an increase in

radiation fallingon the array.

Response lag isdefined as follows:

1- Clzar_eMeas'_redon_'stNead
TotalCharge

This definition has been used in all the following results tO ailow us _o compare
various test results. Most tests used a single detector which was exposed for a

fixed integration time and then read out for 34 times before being reexposed to
the input flux. A black body was used to generate a repeatable small signal for
all tests while the background was generated by a lamp driven with a regulated
supply. All timing was generated by the AIM65 computer which was used for data
taking and reduction. Figure 5 are photographs of the test dewar and labora-

tory set-up.

Figure 6 shows the response lag taken on the linear array during early
testing done at Kitt Peak. This was done before we developed the technique of

using a single detector, and from these plots it is clear that
several seconds are required to achieve a steady state result under very low
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background conditions. This effect has also been observed at the 1.3 meter

telescope using the Cryogenic Spectrometer and renders the instrument virtu-

ally useless short of 3 btrrLSince that time we have done tests on several types

of detectors to try to reduce this effect by other than increasing background
flux on the detector.

Recent tests have involved a number of different types of experimental

detectors and have not produced results which indicate that anything but

increased background radiation willinfluence the response lag. On detectors
which had a metal fieldshield,which served to define the active area, we varied

the shield potential over a + 9 volts range and did not see any significant

improvement. In addition we varied the amplitude and timing of the read pulse
shown in Figure 7.We firsttried a two step read pulse with a larger initialampli-

tude to inject a larger charge before recovering to the steady state inversion

level but this had no effect on performance. Varying the times t_ and tz pro-
duced some improvement, but it seemed to be more a function _of the total

inject time rather than the relationship of the sub intervals. The problem with

this approach was that the I/f noise increased at a greater rate than any
improvement.

As stated previously the only technique which reduced response lag was to
increase the background radiation. This result is shown in Figure B. An
interesting result of further analysis of this data was the response lag com-
puted on the 2nd and 3rd reads produced the same result as the first read. This
suggests that the improvement is not a function of the collected charge but of
the flux failing on the array while it is being read out. If this is true, then a
significant improvement in performance can be achieved at little or no cost in
system noise. The initialtests of this hypothesis willinvolve illuminating the

array during the entire readout period and then proceed to illuminating itonly
during the read or injectpulse time period. Initialqualitative tests indicate the

the performance isindeed improved. Itremains to quantify these initialresults.

3. InSb CIPA Plans at K]tt Peak

There are two charge integrating schemes being investigated at Kitt Peak.

They are the multiplexed array concept which has been developed by Cincinnati
Electronics and Jet Propulsion Laboratory _ and isnow commercially available in

a 32xl configuration from Cincinnati Electronics. The second is a multiplexed

array-preamplifier approach which we have used to measure dark current in

CID's and has been suggested as a possible array concept by Dr. F. Low. Each of

these techniques has advantages and disadvantages for astronomy, depending

whether one isdoing low or high background work.

The main advantage of the multiplexed array concept is its simplicity and

fast readout which suits itwell to high background applications. Recent tests

indicate that by cooling below 77°K one can achieve integration times up to

1500 seconds, which extends this concept to lower flux level applications. The

mall disadvantage of this approach is the high read noise which has been
reported _'8'?to be from 1000 to 2000 electrons and is inherent in the design

concept of the array. This noise is due to the reset or "KTC" noise and can be
reduced only slightty by operation below 77°K. A simplified diagram is shown in
Figure 9. The fullwell _apacity of the array isreported to be greater than lx107

which willallow for background limited performance in many cases, especially

below 77°K. It isour "retentionto evaluate this array for an imaging application,

so we expect sufficientbackgrou, nd flux noise to overcome the system noise.We

intend to determine how cold the array can be operated before the isolated J-
FET preamplifier failsand what integration periods can be achieved. We willbe
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particularly concerned with the= linearity characteristics of the array, espe-
cially the differential linearity.

The multiplexed array-preamplifier concept, shown in simplified schematic

form in Figure 10 has the advantage of use in very low background applications.
Its main disadvantage is its complexity which can be overcome by the use _;f

hybrid packaging technology. This approach initializes the array by applying a

reverse bias on each of the detectors and then allowing the photocurrent to

discharge the charge from the reverse bias. After the array is initialized, the
output of the preamplifier is repeatedly sampled while flux is being integrated

on the detector node capacitance. A straight line fit is then determined for the

data, and the slope of the line is the flux rate. With larger detectors where the

capacitance change with reverse bias becomes significant it will be necessary to

correct the data before doing the linear fit. The read noise can be reduced as a

function of the number of reads used in the calculation. For this concept to

work it is necessary to obtain InSb diodes which have a high tolerance for

reverse bias and very low dark current as these parameters will limit the ulti-

mate performance. Cincinnati diodes tested by us and others have these
characteristics 8.

A feature of J-FETs which we plan to utilize on using is to null the leakage

currents in the preamplifier by adjusting the applied drain voltage. This will be
done under closed loop control from our AIM65 processor. The array will be

operated with InSb diodes seeing only the cold background of the test dewar

and the drain voltage will be adjusted until the.drift rate of the output is as low

as possible. We plan to investigate the stability of the null output under 77°K

background conditions. This technique has proven to be very good when used to

measure leakage currents in CID's but we will be studying longer term effects in

this application, at during the previous measurements.

Another advantage of this array is that the integration time can be varied

automatically as a function of the diode output. Since we are non-destructively

reading out the device, the output voltage level can be used to control when the

diodes are reset. The ability to reset the the diodes individually as Well as simul-

taneously could improve observing efficiency. This is especially useful at the 4
meter telescope where observing time is at a premium.

The serious disadvantage Of the approach is the Complicated circuitry

required to make it work. If test results are Promising the approach could be
ex[ended to a working system of 32 to 84 detectors by use of hybrid techniques

but beyond that seems unlikely. For larger arrays one would have to make the

preamplifier and reset FET's on a silicon monolithic Chip and then use indium

bump technology to bond it to the array. This would limit the array operating

temperature and thus

the dark current levels. Because of the complication and cost we do not plan

to investigate this approach.

The questions which we are looking to answer are how well can the read

noise be reduced by successive non destructive reading of the array, stability of

the null technique, and ultimate NEP with larger arrays.
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Figure I. Internal View of the 1 to 5_m Cryogenic Spectrometer
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Figure 3. Large Signal Linearity.
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TABLE I. Sample Dtode Responstvtty

Element Responslv|ty (A/W)

I

2

3

4

5

6

7

8

9

10

11

12

13

2.84

. z2 .82

2.86

2.86

2.84

2.84

2.82

2.82

2.82

2.81

2.81

2.79

2.84

Average = 2.83 A/W or 78 ±1.2% quantum effici ency @ 4.53um
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512 Element Focal Plane Performance Summary

Number of Elements :

Dead Space:

Power Dissipation:

Quant_um Efficiency:

Responsivity Uniformity: "

Dark Current Non-Uniformity:

Average Dark Current:

Maximum Integration Time:

Maximum Charge Storage:

Noise:

Follower Gain:

Transfer Function :

A.C. Signal to Noise Ratio:

D.C. Dynamic Range:

Detector Pixel Capacitance:

Maximum Readout Speed:

2; 43 x 43um square

i5_m

15roW in thermally isolated JFET preamp,

<2row in silicon MUX

3% peak to peak

3% peak to peak

2.]pa @801( integrated over a 0 to 0.33V bias change

O.07pa @65K integrated over a 0 to 0.33V bias change

0.35 s_conds @80K @0.33V B_#s

15 seconds @65K

5.2 x 106e - @0.33V Bias

1,250e- @80K _

1,185e- @65K

0.898 (80K & 65K}

].875x 105e-/mV at follower output

4,275:1 (peak/tins)

ll:l @2. Sms integration of dark current (8OK)

29:1 @65K

3 pf _O.l pf @0.33V bias

2-I/2 RMz (80K & 65K)

L L _; .
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128-E1e_nent FPA Nechantcal/Electrtcal Characteristics

l)et_t_ Naterlal :

Pixel Size:

Number of Pixels :

Dead Space:

Array Package Size:

Power D_s'S$l_t"t om:-....

Number of Package Leads:

Average Dark Current:

Quantum Efflci_cy:

Respons ivity lIBiformity :

Dark Non-Uni formlty:

Maximum Integration Time:

Coefficient: " Drops In half every 3.5K

l_w)mum ChaP@e Storage:

/_ Sig_al-to-_olse Ratio:

Readout Noise:

Spectral Noise Density:

NaxIM Readout Speed :

Detector Pixel Capacitance:

JFET Preamp Freezout: ,

InSb

200_m x 200urn

128

30_m between pixels.

I-3/4" x I" x 118"

<_W MUx;_lsmw iln thermally Isolated JFET preamp

15

4pa @80K integrated over a 0 to 0.25V blas change

_O. 7fa @46K integrated over a 0 to 0.25V bias change

0.8 (1 to 5_m)

3% peak to peak
J ik

3% peak to peak @0.25V

80K = 0.4 seconds, 62K - 28 seconds, 46K >3600 sec

2 x lO 7 electrons @O.2SV reverse bias

8000:1 @80K (peak/rms)

-1200 electrons @80K

-900 el ectroos @46K

white, lOOHz to lOOkhz

1MHz (80K & 46K)

12.3pf'-+O.1pf @0.25V bias

-20K
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-12

BIFIS (volts)

-I 0

43 x 43_m detectorTypical IV characteristic @84K.
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Typtcal 43 x 43pro InSb CV characteristic P83K.
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Reletive spectral response for a typical 43-x 43pro InSb diode.
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6

Spot scan profile of the 43 x 43um InSb detector active area.

Spot size is 25um, horizontal axis 2Sum per division.
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!r

Signal response due to a 5.6ms integration of a 300k flat
field thru a cooled 4,Sum (O.05_m B.W,) bandpass filter
and 4mm aperture. Total integrated charge -3 x lob e_ec-
irons. Note the smoothness of the curves and same peak
amplitudes as temperature drops to 65K.
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Dark current non-untformtty for IIJJI | and 2; al! Z56 elements
displayed. Saturation at sample and hold output equals S70mV
(OmV reference ts first grattcule line).
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Dark current non-unlformity at 3_ peak to peak per cm.
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